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“The infrastructure that enables our economy to grow and which our 
businesses and communities rely on must also be sustainable. It must be able 
to face up the near and long-term challenges and opportunities of population 
change, new technology, the transition to low carbon economy and the impacts 
of climate change....” 
Presented to British Parliament by the Secretary of State for Environment, Food and 
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University from 2013 to 2016. This thesis consists of a short monograph 
complemented by 4 appended published papers.  
 
This work was funded by a joint sponsorship between the South African Maritime 
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Given that the author was responsible for port infrastructure at Transnet National Port 
Authority in the port of Port Elizabeth in South Africa, he felt that there was a need for 
adapting port to changing climate. However, efforts to implement this concept proved 
fruitless since climate change is still regarded as a very contentious issue, difficult to 
apprehend in totality. Attempts to benchmark with international best practises through 
research indicated that there was still no provision in the industry for a port wide 
approach or methodology for assessing and incorporating climate risks. Incorporating 
of these issues is often undertaken at individual prerogative through pocket of 
fragmented initiatives which are often incoherent and ineffective. This is the 
knowledge gap that the author had identified which made the case for his PHD 
research titled: “A holistic risk-based framework for port infrastructure adaptation to 
climate change”.  
 
This thesis aims at developing a holistic risk-based three-tier port infrastructure 
adaptation framework; and thereafter demonstrates the conceptual framework on the 
new dig-out port under development in the City of Durban, South Africa. Central to 
this process is establishing recognition of the idea that responding to climate change 
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Title of Dissertation: A Holistic Risk-Oriented Framework for Port 




This research is the first attempt in developing a broad-based qualitative tool for 
assessing climate risk in ports and building resilience. In order to demonstrate the 
applicability of the conceptual tool, the new Durban Dig-Out Port (DDOP) under 
development in the City of Durban (South Africa) is used for case study. Central to 
this research is the building of widespread industry recognition of the need to factor 
climate change into decision making at early stages of port development. 
 
The recent significant shift toward supply chain management and customer 
orientation practices calls for the need to assess the effectiveness of port services in 
a broader context well beyond port limits. This is also reinforced by the gradual shift 
in the definition of port infrastructure from physical assets to a complex interactive 
system (which encompasses notions of soft concepts), forming part of a broader 
logistic solution covering larger geographical spans. Given their vulnerable locations 
on coasts that are susceptible to climate variations, seaports face serious threats as 
a result of climate change.  Unfortunately, the complex and uncertain nature of port 
climate risks makes traditional probabilistic risk management tools inappropriate. 
Ports require a unique and broad forward-looking management approach to climate 
change based on logistic network resilience rather than infrastructure resistance.  
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CHAPTER 1: INTRODUCTION 
 
In recent decades, focus on the logistic chain has proved to increase efficiency 
(PIANC, 2014) and, therefore, competitive advantage. An efficient logistic chain can 
effectively contribute to lowering the final cost of a product by reducing costs of 
transportation and inventory. Logistic chains have become the main drivers of trade 
(Liu & Lam, 2015). Ports, as essential players in logistic chains, are expected to fulfil 
seamless logistic chain requirements (Gaur, 2006) by increasingly focussing on global 
networking, supply chain management and customer orientation practices (Woo, 
Pettit, & Beresford, 2011). This is intensified by the fact that global trade is largely 
seaborne (91%); with cargo ships carrying approximately 50 000 billion tonne-miles 
(UNFCCC, 2013) moving through ports to reach consumers. Seaport efficiency has 
been widely recognised as a major determinant of maritime transport cost (Loh & Thai, 
2015; Dollar, Clark, & Micco, 2002) and now includes all aspects of operations in the 
logistic environment (Woo, Pettit, & Beresford, 2011). As a result, the development of 
maritime transportation infrastructure is increasingly becoming a key enabler and 
catalyst for the competitiveness and development of regional economies, especially 
due to the significant positive externalities often generated by port activities (Liu & 
Lam, 2015). Poor infrastructure is believed to account for more than 40% of transport 
cost (Dollar, Clark, & Micco, 2002). As distances are shortened by globalisation, the 
economies of the world become more interdependent and the role of ports gradually 
shifts from a set of complex infrastructures to a major player in national logistic chain 
management, on which a majority of the population heavily relies for day to day 
necessities and employment. Given the current high population growth rate, this trend 
is likely to continue and further increase in the future, thereby gradually strengthening 




In spite of this development, climate change has brought serious threats to the port 
logistic chain, mainly due to the fact that seaports are located on coasts that are 
susceptible to climate variations (Becker et al., 2011; Villatoro et al., 2014; Arns, Wahl, 
Haigh, Jensen, & Pattiaratchi, 2013; Demirbilek, 2013; PIANC Envicom - Task Group 
3, 2008). Given that port activities naturally present a substantial multiplier effect, 
disruptions due to climate on port logistic can drastically change the supply chain 
configuration (Dollar, Clark, & Micco, 2002; Loh & Thai, 2015) with major 
consequences for regional economies at large.  
 
The complex and uncertain nature of climate risk makes traditional risk management 
approaches inappropriate in ports. This is reinforced by the gradual shift in the 
definition of port infrastructure from physical assets to complex interactive systems 
(which includes soft notions) forming part of a larger logistic solution covering wider 
geographical spans.  
 
Ports require a unique forward-looking management approach to climate change 
based on port logistic resilience rather than infrastructure resistance (Mutombo & 
Ölçer, 2016). The proposed methodology in this research is a first attempt at 
developing a broad-based qualitative methodology for assessing climate risk in ports 
and building resilience, and, thereafter, demonstrating the conceptual model on the 
new dig-out port under development in the City of Durban, South Africa. Central to 
this process is the need to factor climate change into decision making during port 











CHAPTER 2: CLIMATE CHANGE AND PORTS 
 
As a result of a better understanding of climate processes, predictions of climate 
change have largely improved. Over the past 50 years, the observed global mean 
surface temperature trend has closely matched model simulations (IPCC, 2014). The 
IPCC predicts that global warming at the end of the 21st century is likely to exceed 1.5 ͦ
C relative to 1850 to 1900 for all RCP scenarios except RCP2.6. Global warming is 
likely to exceed 2 ͦC for scenarios RCP6.0 and RCP8.5. However, even if the world 
commits to significant greenhouse gas (GHG) emissions reductions, climate change 
is unfortunately inevitable. The earth system will continue to experience sea level rise, 
droughts, floods, increase heat, intense storm and waves, extreme wind conditions, 
and shift in precipitation, hydrology and sedimentation patterns; all of which could 
cause negative impacts on ports.  
 
While climate change impacts will vary depending on port characteristics and local 
conditions, ports are nonetheless affected directly and indirectly. Direct impacts affect 
infrastructure, operations and services in ports. The most common visible direct 
impacts of climate change on port infrastructure include failure of foundations, 
damage and deterioration to structures, inundation, increased wave overtopping, 
barrier material displacement and fracture, erosion, and increase in sediment inflow. 
Given the uniqueness of port, these impacts will likely have varying degrees of 
operational and economic impacts; disruption to port and shipping operations; 
disruptions to international and national trade; disruption to supply chains; and 
impacts on broader economic activity at varying scales. Indirect effects of climate 
change upon port operations and the demand for port services are caused by 
interdependency with other sectors. Indirect effects may include climate change 
effects on international trade, energy sector, investment decisions, connectivity, 
agricultural production, demographics, energy exploration and consumption, forestry 
and fishing activity. Furthermore, given the links between ports and their hinterland 
and the concentration of populations, climate change impacts may have serious 




Adapting port infrastructure to climate change has, therefore, become compelling and 
this is achieved by assessing the port’s ability to withstand climate variation, whereby 
thresholds of tolerance to climate variation are identified. These thresholds are then 
raised through adaptation (Burton, Diringer, & Smith, 2006). Despite the current 
availability of scientific and technical data in the industry, there is presently no 
provision in the maritime industry for a port wide approach or methodology for 
assessing and incorporating these risks into port adaptation.  
 
Recommendations to incorporate sustainability into early stages of infrastructure 
development have been largely highlighted on many studies (Espinet, Schweikert, 
Heever, & Chinowsky, 2016; Araos et al., 2016), suggesting a holistic planning 
process taking into consideration asset life cycle assessments, which include repairs 
and provision for alternatives. Such an inclusive approach is known to substantially 
reduce financial costs from increased vulnerabilities, rehabilitation and additional 





















The literature generally views adequate supply of infrastructure as essential for 
economic development and poverty reduction (UN Habitat, ed., 2011; National 
Planning Commission, ed., 2011). In many instances, it is further suggested that 
infrastructure development can play a major role in promoting growth and equity, and 
help reduce poverty (National Planning Commission, ed., 2011; 
PricewaterhouseCoopers, ed., 2010; The Royal Academy of Engineering, ed., 2011).  
Increasingly, it was also found from various literatures that the definition of 
infrastructure has been shifting from one focussing on physical fixed assets; it now 
often embodies notions of softer types of infrastructure such as systems, procedures, 
policy and knowledge (UN Habitat, ed., 2011; Poonam, 2013). 
 
Though an outright denial of global warming has been progressively proven to be 
unviable, the literature suggests that there remain persistent attempts by lobbyists 
with special interests to stall climate policies. Despite this, most of the literature 
suggests a wide acknowledgement of the need for robust interventions to climate 
change. Physical port infrastructure assets are being altered to improve resilience and 
reduce vulnerability to climate change in some ports in developed countries (Dawson, 
2012; European Commission, ed., 2013), while opportunities and risks to port 
infrastructure caused by climate change are currently being addressed in other 
developed countries (European Commission, ed., 2013; HM Government, ed., 2011). 
A need for conservative design specifications has already been emphasized through 
various studies. Adaptive change recommendations to support construction activity, 
land use planning and land protection have also been developed on a small scale in 
the industry (Lewsey, Cid, & Kruse, 2004). 
 
However, initiatives in this regard have thus far been fragmented and poorly 
coordinated with insignificant outcomes (Natural England, ed., 2009). In many 
instances, ports have opted for mitigation strategies rather than adaptation. It is widely 
6 
 
speculated that this is due to the perceived short-term cost saving benefits associated 
with mitigation, while adaptation strategies require huge long term investment (Mills-
Knapp et al., 2011). An additional reason attributed to this slow pace decision-making 
on adaptation strategies is the uncertainty and controversial nature surrounding 
climate change issues. Further to this, Kristin Lemaster, environmental engineer, 
argued that adaptation and short term mitigation are two topics competing for 
resources (Mills-Knapp et al., 2011): Often, mitigation wins out because the results 
are associated with money savings. Adaptation is also a more difficult issue to 
address since it involves planning on a long term horizon and the risks are not always 
easily identifiable. In the same light, Becker, Inoue, Fischer, & Schwegler (2012) 
echoed the fact that while current operational challenges may make it difficult for 
individual companies to devote resources to this long-term issue, the implications of 
climate change impacts on many industries, including dredging, will be quite profound.  
 
Nevertheless, the extent to which a port is affected by climate change is dependent 
on whether the port is exposed or sheltered and its location (Australian Government, 
2012). As such, some ports may not perceive climate change as a pressing matter, 
while other ports may feel directly threatened by this situation, resulting in different 




Often, politically-oriented responses to climate change aim at analysing and reviewing 
governance policies, legislative frameworks and institutional capacity (Australian 
Government, 2012; HM Government, ed., 2011; The World Association for 
Waterborne Transport Infrastructure, 2014; UNCTD Ad Hoc Expert Meeting, 2011; 
Kane, Vanderlinden, Baztan, Touili, & Claus, 2014). Although relevant to some extent, 
these responses have unfortunately not yielded any desired results (Transparency 
International, ed., 2011) due probably to the large disparity often experienced 
between policy intention and implementation in the field. Further to this, politically-
oriented decisions on large infrastructure investments are largely speculated to be 
biased towards scoring points rather than addressing prevailing underlying issues 




There is a general outcry in the literature for the integration of adaptation actions and 
policy in order to achieve effective adaptation in practise (Adger, Arnell, & Tompkins, 
2005). However, research on assessing climate change risk in ports in the context of 
the broader logistic chains is very limited. Although multi-objective risk analysis 
models for supply chains focussing on port-oriented intermodal cargo movement have 
been proposed in a small number of studies (Dollar, Clark, & Micco, 2002; Loh & Thai, 
2015), they have focussed mainly on one or two climate variables such as sea level, 
wave, or wind. Moreover, due to the complex nature of climate change, most attempts 
to assess climate change in its entirety have been engineering oriented (RMIT 
University, 2013), focusing on port infrastructure resistance. Thus far, all of the above 
attempts have shown some limitations, principally due to their silo approach.  
 
Increasingly, ports face a vast number of heterogeneous stakeholders (Liu & Lam, 
2015) due to the substantial multiplier effect of port activities. While the concept of a 
broader port logistics chain is increasingly recognised (Liu & Lam, 2015; Loh & Thai, 
2015), there are still major difficulties in developing an approach for assessing climate 
risk along such a complex network, since stakeholders present discriminative risk 
exposure to climate events. This was echoed by Adger et al (2005) who stressed the 
importance of scale of implementation and criteria for evaluation at each scale. 
 
In the absence of a regulatory framework or methodology for assessing climate risks, 
ports often opt for customised climate adaptive solutions based on risk assessment 
conducted on individual prerogatives (Mutombo & Ölçer, 2016) without consideration 
of the broader logistic chain. Additionally, constant trade-off between cost and 
solutions (Hoggart et al., 2014) in the industry has been widely identified in the 
literature as a major hindrance to developing effective climate adaptations, hence the 
need to prioritise. Very often, on account of cost constraint and in the absence of a 
systematic evaluation of climate risks, ports favour short term mitigation rather than 
long term adaptation initiatives. This suggests large disparity in the perceptions of 
climate risks by decision makers which, according to Hopkins, Bailey, & Potts (2016), 




On the other hand, many authors have highlighted uncertainties surrounding 
projections of future climate change that make it difficult to accurately assess climate 
risk and develop adequate adaptive measures (Tompkins & Adger, 2005; Adger, 
Arnell, & Tompkins, 2005; Doria, Boyd, Tompkins, & Adger, 2009). With weak 
information, modelling actual climate risk in ports with probability-based theory is 
challenging (Luo & Caselton, 1997; Tompkins & Adger, 2005). As a result, response 
and adaptation to climate change often depend on individual decision-makers’ 
attitudes towards risk; thereby, reinforcing the relevance of evaluating climate risk 
perceptions as an additional imperative.  
 
Existing common management tools in the literature include (but are not limited to) 
the following: Cost-benefit analysis, Multi-criteria analysis and Cost-efficiency 
analysis (Baum, 2012; Hoggart et al., 2014), Source-Pathway-Receptor (SPR) or 
Source-Pathway-Receptor-Consequences (SPRC) (Monbaliu et al., 2014; Villatoro et 
al., 2014), and outcome-based decision models focussing on low regret, no regret, 
and win-win. Typically, these tools are based on scientific rationality. They evaluate 
real risks, but they have proven to have weaknesses in implementation, which is 
mainly dependent on management’s climate risk perceptions. In addition, in many 
cases, common management tools are not addressing the climate complexity in its 
entirety but rather focussing on a limited perceived climate variables likely to impact 
ports. For instance, through these tools, assumptions are made that sea level rise, 
changing rainfall and wind patterns, and extreme climate events (hurricanes, 
typhoons, cyclones, and tornados) are the highest climate priorities. Although this 
trend reflects the IPCC (2014) report, it may not necessarily be the case across all 
ports. Existing management tools present significant benefits (Arns, Wahl, Haigh, 
Jensen, & Pattiaratchi, 2013; Kane, Vanderlinden, Baztan, Touili, & Claus, 2014), 
their relevance will however be discussed in the next paragraph when discussing the 
methodology. 
 
In recent times, the search for better methods to deal with climate uncertainty has 
intensified with the development of new scientific tools, such as fuzzy set theory, 
Dempser-Shafer theory and Bayesians methods (Luo & Caselton, 1997; Hobbs, 
1997). These tools, which are known to be appropriate for dealing with uncertainties, 
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rely mostly on sources of information (historical observations, expert opinion and 
model simulations) which are often not sufficiently available at this early stage of the 
climate change era. Additionally, the inability of Bayesian and fuzzy set theory to 
represent a person’s state of knowledge and its incoherence and disconnect with 
human preferences (Hobbs, 1997) are some of the criticisms that make these tools 
inadequate in a corporate environment where actions are naturally driven by 
perceptions rather than rationality. On the other hand, to the authors’ knowledge, 
there has not been any attempt in the literature to factor potential length of port 
disruptions due to climate into resilience evaluation and the methodology developed 
in this research aims to close this gap. 
 
Finally, there is an increasing consensus in the literature to classify adaptation within 
three cornerstones (Adger, Arnell, & Tompkins, 2005; Doria, Boyd, Tompkins, & 
Adger, 2009; Tambo, 2016): 
 
x Reduce the sensitivity of the system to climate. In the port context, this is 
principally achieved by factoring climate change into port design (PREPARE) 
x Alter the exposure of the system to climate change. This entails making 
provision for redundancy and alternatives (ADJUST). 
x Increase capacity to recover: This consists of allowing short turnaround time 
for recovery (REBOUND) 
 
In the midst of these developments, challenges, doubts and constraints, it is 
necessary to develop a decision making approach for port climate adaptation which 
satisfies the following fundamental requirements: 
 
x Inclusive – Takes into consideration all relevant climate variables as possible. 
x Independence - Mitigates any possibility of bias. 
x Effectiveness and efficiency – Ensures that adaptive initiatives achieve 
objectives, while addressing the constant trade-off between cost and 
solutions. 
x Objectivity and Rationality – Reduces, as far as possible, subjectivity arising 
from customised adaptive solutions resulting from silo decision making. 
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x Usefulness – Focuses on moving goods as port priority function and mitigates 
any sense of exaggeration and over appreciation arising from the cultural 
nature of modern risk society, which is more concerned with “social bads” 
rather than “social goods” (Mythen, 2004).  
x Priority – Prioritises scenarios presenting low resilience with respect to port 
primary function; i.e. movement of cargos. 
 
The proposed methodology in this research is a forward-looking management tool 
that aims at securing seamless port logistic services by satisfying the above 
fundamental requirements through the promotion of the following three (3) solution-
focused cornerstone strategies: PREPARE – ADJUST – REBOUND.  
Moreover, in practical terms, these three strategies cannot always be optimally 
achieved at all times, often due to resource, environmental, geographical, strategic or 


















CHAPTER 4: RESEARCH AIM AND OBJECTIVES 
 
The recent COP 21 conference held in December 2015 in Paris raised hope and 
confidence in the fight against climate change on a global scale. However, even if the 
world commits to significant greenhouse gas (GHG) emissions reductions, climate 
change is unfortunately inevitable. The earth system will continue to experience sea 
level rise, droughts, floods, increased heat, intense storms and waves. Meanwhile, 
given that seaports are located in coastal areas susceptible to sea level rise and 
storms or at the mouths of rivers susceptible to flooding, they are highly vulnerable to 
climate change impacts (Becker, Inoue, Fischer, & Schwegler, 2012). Despite their 
vulnerabilities, seaports are also largely recognised as the lifeblood of regional 
economies, making adaptation of ports a necessity. 
 
As a result of this situation and given the gap identified by the literature review, the 
aim of this research is to develop a holistic risk-oriented framework for port 
infrastructure adaptation to climate change. 
 
In order to achieve this aim, the objectives of the research are as follows: 
 
1. Develop a port climate risk assessment methodology and a holistic three-tier 
(Policy-Management-Technology) climate adaptation framework for port 
infrastructure. 
2. Conduct a case study on the new dug-out port currently under development 
in the city of Durban (South Africa) with a view to demonstrating the 
applicability of the methodology and the adaptation framework. 
3. Analyse global port climate risk and develop a port taxonomy based on climate 
risk exposure. 
 
4.1. Objective (1): Develop a port climate risk assessment methodology and a 
holistic three-tier climate adaptation framework for port infrastructure. 




x Chapter 5: Methodology 
 
x Annexure 1: Peer reviewed Book chapter titled: “Port Infrastructure: A 
Holistic Framework for Adaptation to Climate Change”. The book 
chapter discusses the state of preparedness of South African ports to 
climate change by identifying challenges and opportunities. This was 
peer-reviewed, approved and has since been published by the Council 
of Scientific and Industrial Research (CSIR) in South Africa. A hard copy 
of the book is available in the WMU library. 
Reference:  
Mutombo, K. (2014). "Port infrastructure: A Holistic Framework for 
Adaptation to Climate Change”. In Funke, N., Claassen, M., Meissner, 
R. and Nortje, K. (eds). Reflections on the State of Research and 
Development in the Marine and Maritime Sectors in South Africa. 
Pretoria: Council for Scientific and Industrial Research. 
http://www.waternet.co.za/aquarius/book.html. 
 
x Annexure 2 (Article 1): “A three-Tier framework for Port Infrastructure 
Adaptation to Climate Change: Balancing width and breadth of 
knowledge”. This paper discusses climate implementation strategies in 
ports. It was initially submitted to the IAME 2015 conference in Kuala 
Lumpur, Malyasia. Subsequently, the paper was among the two selected 
from the conference proceedings by the scientific steering committee to 
be published in the Ocean Yearbook. It further underwent additional 
rounds of peer-review with Ocean Yearbook and was finally accepted 
for publication. 
Reference:  
Mutombo, K. and Ölçer, A. (2016) "A Three-Tier Framework for Port 
Infrastructure Adaptation to Climate Change: Balancing Breadth and 
Depth of Knowledge." Ocean Yearbook 30.1 (2016): 0. 
 
x Annexure 3 (Article 2): “Climate Change in Arctic Region: Building Port 
Infrastructure Resilience”. Upon invitation by the Journal of Ocean 
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Technology, this paper was prepared, submitted and accepted for 
publication. The paper explores possibilities of building of port 
infrastructure resilience through the adaptation framework in the context 
of the Arctic region. 
Reference: 
Mutombo, K. and Ölçer, A. (2016). Climate Change in Arctic Region: 
Building Port Infrastructure Resilience. Journal of Ocean Technology, 
Vol.11, No.3, 2016. 
 
4.2. Objective (2): Conduct a case study on the Durban Dig-Out Port (DDOP) 
currently under development in the city of Durban (South Africa) with the 
view to demonstrate the methodology and the adaptation framework.  
 
Objective (2) is addressed in this report through chapter 6. 
 
4.3. Objective (3): Analyse global port climate risk and develop a port 
taxonomy based on climate risk exposure. 
This objective is addressed through a global survey that was conducted through 
PIANC (The World Association of Waterborne Transport Infrastructure). Survey 
results are reported as follows: 
 
x Annexure 4 (Article 3): “Towards Port Infrastructure: A Global Port 
Climate Risk Analysis”. This article discusses the global trend on climate 
risk in ports based on the survey conducted. It was submitted to WMU 
Journal of Maritime Affairs early in March 2016 and was accepted for 
publication on the 08 September 2016 following revisions. 
Reference: 
Mutombo, K. and Ölçer, A. (2016). Towards Port Infrastructure: A Global 
Port Climate Risk Analysis. WMU Journal of Maritime Affairs, Springer. 
DOI: 10.1007/s13437-016-0113-9. 
 




CHAPTER 5: METHODOLOGY 
 
In light of the complexities posed by climate change, a “divide and conquer” problem-
solving strategy (Jordan, 2013) is necessary to break down complexities into small 
solvable problems which are hereby referred as scenarios. A scenario in this research 
is defined as the exposure of a port family asset to a particular climate variable. 
 
5.1. Climate variables: 
 
Several studies (RMIT University, 2013a; Becker, Fischer, Schwegler, & Inoue, 2011; 
Chini, & Stansby, 2012; Cox, Panayotou, Cornwel, & Blacka, 2014) identified the 
following climate variables that would affect the long term performance of port 
infrastructure: Sea level rise, water table, temperature, rainfall / runoff, wave, wind, 
salinity and humidity. Given the divide and conquer”” problem solving approach, this 
study is limited to these eight climate variables which are the most relevant and most 
likely to affect ports. 
 
x Sea level rise:  
 
Sea level rise is caused by an increase in water volume in the ocean as a 
result of thermal expansion (approx. 55%), melting of glaciers and ice sheets 
(approx. 40%) and reduction of liquid water stored on land (less than 5%) 
(Demirbilek, 2013; Hunter, Church, White, & Zhang, 2013). It is anticipated 
that the melting of ice sheets and glaciers will become the larger contributing 
factor to sea level rise in the future. This is primarily attributed to the 
unpredictable and complex dynamic nature of ice sheets disintegration. IPCC 
WGII AR 5 (2014) further predicted that the collapse of the Antarctic ice sheet, 
if initiated, could cause sea level to rise substantially above the range of 0.28m 
– 0.98m predicted by 2100. Unfortunately, scientists cannot forecast the timing 
of such collapse neither can they accurately quantify the magnitude. 
Nevertheless, scientific evidence indicates that 70% of coastlines worldwide 
will experience sea level change within 20% of the global mean sea level 
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change (IPCC WGII AR5, 2014). As such, the devastating impacts of sea level 
rise on port infrastructure are evident, especially for low lying infrastructure. 
 
x Water table: 
 
Ground water is often affected by climate variability and change through the 
recharge process as well as by human activities. Ground water level around 
the globe has generally shown a decreasing trend and this is principally 
attributed to excessive pumping rather than an inability of the recharge 
process as a result of climate change. Although it is uncommon, there are 
regions where decrease in ground water level is directly linked to climate 
change (drought, high temperature…) which affects the ground water 
recharge process. In areas of increased precipitation, ground water level is 
likely to rise. The resulting change in soil characteristics may seriously impact 




Global average temperature is measured as an average of individual 
thermometer measurements taken every day at different locations around the 
globe. Some of the indicators of global warming include glaciers melting, sea 
ice retreat, diminished snow cover, rising sea level and warming of oceans. 
Global surface temperatures have increased by approximately 0.74˚C over the 
past hundred years, but this increase has not been steady, nor has it been the 
same in different seasons or in different locations. Additional warming, known 
as urban heat island effect, occurs in cities in confined spaces but this warming 
is often excluded from the measurement of the global average temperature 
(IPCC WGII AR5, 2014). Depending on the nature of a port and its 
geographical location, increase in temperature may cause cracking, melting 
of bitumen, buckling, and submersion of assets due to rise in sea level as a 
result of thermal expansion. 
 




Storm water infrastructures are traditionally designed on the understanding 
that the probability of extreme rainfall is statistically stationary. However, 
climate change has now brought new challenges. Precipitation patterns have 
changed dramatically, placing additional pressure on storm water design 
engineers in their quest to develop cost effective solutions for the worst case 
precipitation scenario. There is increasing evidence that suggests drainage 
infrastructure designed on the basis of current rainfall records will probably not 




Port infrastructures (wet structures) are designed to withstand specific wave-
induced loads based on historical wave data. The structures may, therefore, 
not be able to perform optimally under changing wave conditions. 
Furthermore, excessive deterioration of infrastructure may be experienced 
due to the overflow of salty sea water onto port facilities as a result of 




Change in wind patterns as a result of global warming is inevitable. Wind is 
generated as a result of different atmospheric pressures, thereby allowing heat 
exchange. Prevailing wind patterns based on available recorded data are 
traditionally factored into port infrastructure design during the development 
stage. Unfortunately, as a result of global warming, accurately factoring in the 
wind factor at the design stage has become challenging and ports are, 
therefore, becoming increasingly vulnerable to the effects of wind.  
 
x Salinity: 
Salinity is a measure of dissolved salt (measured in grams) in a kilogram of 
water. Ocean salinity affects seawater density and is known as an indicator of 
change in precipitation, evaporation, river runoff and ice melt (IPCC WGII AR5, 
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2014). Increased salinity often accelerates deterioration of infrastructure 
erected in areas exposed to sea water. 
 
x Humidity:  
Humidity is the measure of the amount of water in the air. An increased 
concentration of CO2 in the atmosphere affects temperature and humidity. 
There is evidence that the performance, serviceability and safety of reinforced 
concrete and steel structures are affected by corrosion-induced deterioration 
as a result of increased humidity, among other climate factors (RMIT 
University, 2013a). 
 
5.2. Port infrastructure:  
 
Port infrastructure forms part of the built environment. It is created by humans to 
achieve specific functions and is expected to have a useful life of 50 to 100 years 
depending on the design criteria. Since it is conceived by humans during the early 
planning stages of projects, it is paramount that provisions to prepare-adapt-respond 
to climate change (in the broader context of logistic supply chain) be factored in during 
conceptual stages in order to alleviate or minimise any possible future adaptation 
which is generally costly and extremely disrupting.  
Port infrastructure are generally identified and grouped into six (6) families of assets 
vulnerable to the effect of climate change (RMIT University, 2013a; PIANC, 2014; 
Poonam, 2013): Berthing structures, protection barriers, port superstructure, channels 
and harbours, road, and rail networks. The term port infrastructure in this study refers 
to and is limited to the above families of assets as per the literature.  
 
x Berthing structures are structures built to provide a vertical support for ships 
to berth, moor, load and unload cargoes. These structures include piers, 
wharves, jetties, bulkheads and docks. Berth fronts are either solid or open 
berth structures. It is suggested that increased severity of weather events 
(including rainfall, wind, cyclones and sea storms), sea level rise, increased 
ocean swell and ocean acidification are the climate variables with the highest 




x Protection barriers include breakwaters and seawalls. Breakwaters are 
constructed to provide protection for shipping against storm and wave action 
inside harbour channels and along berths. Seawalls are constructed along the 
foreshore to protect against erosion or to act as retaining walls for reclaimed 
land. Increased severity of weather events (including rainfall, wind, cyclones 
and sea storms), sea level rise and increased ocean swell are the climate 
variables most likely to directly impact the protection barriers. 
 
x Port superstructures include administration buildings, offices, warehouses, 
storage sheds and other terminal facilities. The structural integrity of these 
buildings could be affected as a result of increased frequency and intensity of 
extreme rainfall and wind, accelerated temperature and solar radiation, and 
increased ground movement and changes in ground water. 
 
x Port channels and harbour basins form the seaside infrastructure. Port 
channels and harbour basins can potentially be affected by sea level rise, 
changes in precipitation, wave conditions, storms and storm surges. 
 
x Road infrastructure network is an essential element of the supply chain within 
the port services since it facilitates connectivity of goods from and to the port. 
Increased temperatures and solar radiation, increased temperature and heat 
waves, increased rainfall, increased variation of wet/dry spells, sea level rise 
and flooding are the climate variables with the potential to directly impact on 
road infrastructure. 
 
x Rail infrastructure includes tracks, rolling stock, over and under-track 
structures, signalling and communication systems, and related buildings, 
plants and equipment. Like road, rail infrastructure is an essential component 
of the supply chain port services since it serves to connect ports to the 
hinterland. Rail infrastructure is possibly susceptible to the effects of sea level 




5.3. Proposed approach: 
 
It is believed that effective adaptation to climate change in ports occurs when 
management perceptions to climate risks are in tandem with actual climate risk. A 
two-stage port climate solutions model is therefore necessary. Decision outcomes at 
the strategic level (in Figure 1) shall be complemented through the evaluation of actual 
risk at the operational project level. While there are sufficient scientific tools to 
evaluate actual climate risks at project level, this methodology focuses on the strategic 
level (first stage) where climate risk perceptions are evaluated and inform 
management actions. It aims at equipping management with a tool for improving 
decision making when addressing climate change in ports at the strategic level. 
Understanding the perceptions of those involved in decision making is important for 
understanding the policy process (Hopkins, Bailey, & Potts, 2016; Tesfahunegn, 
Mekonen & Tekle 2016) and the success of management action in adapting ports to 
climate change.  
 
Given the shift toward strategic logistic integration and customer orientation in ports 
(Woo, Pettit, & Beresford, 2011; Mileski, Galvão, & Zharen, 2016), and, contrary to 
the traditional short-sighted approach of focussing on resistance of assets or specific 
climate variables, the building of resilience in this case is explored qualitatively along 
the logistic system in order to maintain free movement of goods when ports are 
exposed to various climate events. The ultimate objective of exploring opportunities 
within the PREPARE – ADJUST – REBOUND set of strategies is to ensure that there 
are minimal (or no) climate induced disruptions to movement of cargoes through ports. 
When this objective is achieved, the system is considered as highly resilient to climate 
change.  
 
5.3.1. Problem in context: 
 
Adaptation projects should ideally be processed over two stages: 
 
1. Identifying the right project (refer to Figure1 strategic level) 




As a project emerges from a need, the first stage requires a comprehensive 
assessment of the need to adapt to changing climate and possible consequences 
thereof. At this stage of identification, the problem or need in context appears fuzzy 
necessitating a thorough understanding of climate change in its entirety. Hence there 
is a need to break down climate complexities into a small number of solvable entities 
(scenarios) in order to prioritise needs (Figure 1). At this level, the evaluation is strictly 
based on management perceptions. 
 
Once the problem or need has been clearly identified, various solutions can be 
explored with existing management tools at project level. Failure of existing 
management tools lies in the fact that, considering the high irrationality in the process 
of problem identification, wrong adaptation projects are often done correctly; and this 
is the gap that this research hopes to address. As shown in Figure 1, the proposed 
methodology is limited to addressing the first stage of the adaptation process and 
existing management tools, as discussed in the literature review, can then be used in 
the second stage when the problem or need has been clearly identified and 
contextualised. 
 
A hypothetical example to strengthen this case uses a metaphoric representation of 
the failure experienced by several ports in addressing congestion. The first stage in 
the identification of the underlying cause of the problem should ideally consist of 
evaluating whether the congestion is due to increased demand for goods, or 
inefficiency in operation, or navigation constraints, or climate. At this early stage, the 
cause of congestion is vague and there is high level of uncertainty. Whilst it was later 
found that in many cases port congestion is linked with inefficiency, management 
irrationally tends to link congestion with increased demand for goods. As a result, 
solutions such as expanding existing infrastructure or building new ports, are 
assessed using existing common tools; a typical case of wrong adaptation done 
correctly. Likewise, in the context of adaptation, management tends to replicate 
similar behaviours. Existing management tools are used with the assumption that sea 
level rise, change in rainfall and wind patterns, and extreme climate events are the 
highest priorities. Meanwhile, there is evidence that sea level is in fact decreasing in 
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certain areas of the globe due to glacio-hydro-isostatic effects (Lambeck, 2001), and 
that salinity, humidity and water table are also climate variables with potential major 
impacts on ports (RMIT University, 2013a). 
 
 
Figure 1: Two stages Problem Solving Approach 
 
 
5.3.2. Climate narrative and scenarios: 
 
The objective of climate narrative and scenarios is to be able to address climate 
change and its impacts on ports in terms that are sufficiently descriptive and clear for 
qualitative evaluation. Climate extreme, known as a climate event beyond the 
projected threshold, is widely recognised as the biggest climate related threat to 
coasts in general (RMIT University, 2013a; Macdonald & O'connor, 1996; Villatoro et 
al., 2014; Arns, Wahl, Haigh, Jensen, & Pattiaratchi, 2013; Oslakovic, Maat, 
Hartmann, & Dewulf, 2012; PIANC Envicom - Task Group 3, 2008) and port 
infrastructure in particular. This is generally a combination of abnormal increases in 
frequency or intensity of particular climate variables (Hunter, Church, White, & Zhang, 
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2013). The nature of extreme events as a combination of multiple climate variables 
(Monbaliu et al., 2014) as well as the non-linear relationship between average and 
extreme weather make the building of resilience and adaptation initiatives difficult to 
conceive and costly to achieve. In this research, each climate variable should, 
therefore, be analysed in isolation and resilience for each needs to be built. Though 
there is likely to be an increase in the severity of extreme events (IPCC, 2014), the 
multiplier effect of these events cannot be factored into this study, creating limitations 
to the proposed elimination process methodology. Recommendations to design 
policies and management processes that are flexible, proactive and responsive to 
deal with extreme events (black swans) are therefore emphasised (Kane, 
Vanderlinden, Baztan, Touili, & Claus, 2014, RMIT University, 2013b) and discussed 
in the next chapter. 
Nevertheless, as shown earlier, various studies have identified the following eight 
major climate variables which would affect the long-term performance of port / coastal 
infrastructure: Sea level, water table, temperature, rainfall/runoff, waves, wind, salinity 
and humidity (RMIT University, 2013a; Lewsey, Cid, & Kruse, 2004; Becker, Inoue, 
Fischer, & Schwegler, 2012; Chini & Stansby, 2012; Chini et al., 2010; Deepthi & Deo, 
2010; Villatoro et al., 2014; Arns, Wahl, Haigh, Jensen, & Pattiaratchi, 2013; Kane, 
Vanderlinden, Baztan, Touili, & Claus, 2014; Demirbilek, 2013; Cox, Panayotou, 
Cornwel, & Blacka, 2014). 
 
Moreover, berthing structure, protection barriers, port superstructures, channels and 
harbour basins, road infrastructure and rail infrastructure are identified as the six most 
well-known and obvious components of port infrastructure on which climate change 
has a direct impact (RMIT University, 2013a; PIANC, 2014; Poonam, 2013).  
 
A scenario in this study is defined as the exposure of a port family asset to a particular 
climate variable event. A matrix of 48 climate scenarios is developed as shown in 
Figure 2. These scenarios are then assessed in order to identify high risks scenarios. 
While low risk scenarios are eliminated, scenarios exhibiting high risk are then scored 
throughout the three different layers of filters: PREPARE, ADJUST AND REBOUND 
(Figure 5). An increase in port resilience is achieved by optimally implementing these 
three sets of actions through greater planning, redundancy and flexibility (NCFRP, 
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2014). For existing or new ports, these layers (filters diagram as per Figure 3) serve 
to identify scenarios exhibiting high climate vulnerability with a view to sensitising 
management to various responses strategies. 
 
 





Figure 3: Filters diagram 
 
Because each port is unique and located in a distinctive geographical location, a 
specific climate narrative should be developed for each port. This is essential and 
forms the basis for resilience assessment.  
 
5.3.3. Methodology by resilience matrix: 
 
The word resilience was initially introduced in the 17th century from the Latin verb 
resilire which means to rebound, recoil or leap back (Fowler, Fowler, & Murray, 1964). 
Resilience is the ability of a system to rebound or leap back after being subjected or 
exposed to a climate scenario.  
 
Most research methodologies have defined and assessed resilience in relation to the 
ability of a system to resist or rebound. Very few little or none of the methodologies 
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have factored the time frame for rebound into resilience calculation. This is perhaps 
due to the fact that most systems under study are natural systems (ecological, 
environmental…) where the rebound period is very difficult to assess and control. 
Adding to this, the rebound periods of natural systems are very slow and span far 
beyond human life. In the case of port infrastructure as a built environment system 
designed by humans for a limited useful life, time for recovery / rebound remains an 
essential and critical factor of resilience which is far easier to estimate and, perhaps, 
control. If a system has the ability to rebound immediately after being exposed to an 
event (after a fraction of second) without creating disruptions to the overall 
performance of the system of moving cargoes, the system is known to be very highly 
resilient. Such system always maintain cargo movement whether through the 
infrastructure exposed to climate event or through other alternative mode. However, 
the longer a system takes to recover, the lesser its resilience. A very low resilience 
represents a period of recovery that is so long and have no other alternative for 
moving cargoes to destination.  
 
In this study, climate resilience is defined broadly as the ability of a system to maintain 
its functionality without causing any disruptions to the supply chain services when 
subjected to a particular scenario. In other words, resilience measures the ability of a 
system to ensure movement of cargoes through different alternatives following a 
climate scenario. It is important to note the difference between asset resilience which 
is in port context (Figure 4) and system resilience which seeks to address responses 
by searching for alternatives solutions of moving cargoes in a broader context (Figure 
5). 
 
5.3.3.1. Resilience in the context of logistic supply chain: 
 
Modern global supply chain systems are vitally important to the world economy. In 
2008, the value of export merchandise transported globally was an astonishing 15.8 
trillion USD (Lewis, Erera, Nowak, & White, 2012). Maritime transportation is the most 
dominant mode in the global supply chain system,  moving approximately 80% of 
goods. Disruptions to maritime transportation has become a major concern since it 
results in recovery costs, and can significantly impact the market value of a company 
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moving goods through the supply chain. This in turn may have impacts at regional 
and national levels. 
 
 











To mitigate the effects of port disruptions, many authors (NCFRP, 2014; Rodrigue, 
Comtois, and Slack, 2016; RMIT University 2013b) recommend the following 
approach in a broader context: 
 
x Prepare: Prior actions geared to avoiding and limiting a disruption’s impacts. 
x Response or Adjust: Actions geared to dealing with the immediate impacts 
of the disruptions 
x Recovery: Actions geared to getting the port back up and running as soon as 
possible. 
 
An increase in port resilience is achieved by implementing these three sets of actions 
through greater planning, redundancy and flexibility (NCFRP, 2014). Moreover, it is 
evident that “Prepare” remains the best strategy over “Adjust” or “Recover” after a 
disaster. For this reason, an allocation of weights for Prepare, Adjust and Recovery 
is respectively 50%, 25% and 25% on the resilience matrix. This weighting is based 
on several experts opinions collected through a brief survey and interviews.  
 
5.3.3.2. Survey questions for weighting evaluation: 
 
If you have to feature climate adaptation in the design of your port, how much weight 
(out of 100%) will you give to the considerations below when developing the solution? 
x PREPARE: Design infrastructure to resist bigger and stronger force. 
x RESPONSE OR ADJUST: Design in a way that there are alternative options 
to maintain operation in case asset is damaged. 
x RECOVERY: Design in a way that, in case of damage, repair could be done 
as quickly as possible. 
 
5.3.3.3. Proposed resilience matrix: 
 
In the context of this study, these three strategies are considered essential 
underpinnings for mitigating climate-induced disruptions to port logistic chain 




¾ Prepare: Prior actions geared to avoiding and limiting the impacts of 
disruption.  Factoring climate change parameters during infrastructure design 
automatically earns the full 50% score on the resilience matrix. Contrarily, no 
score is earned when such allowance was not made. 
 
¾ Response or Adjust: Actions geared to dealing with the immediate impacts 
of the disruptions. Research has shown that port capacity expansion is 
essential for the disruption management of port oriented transportation 
networks (Loh & Thai, 2015). This can be conceptualised as the ability to 
remain in a desirable regime of logistic service by making the necessary 
adjustments to the system while experiencing climate induced damage. It 
consists of evaluating whether there is availability of alternatives or 
redundancy. If such provision exists, a full 25% score is automatically earned 
on the resilience matrix. It is worth noting that Redundancy is more than 
duplication; it entails diversity and functional replication across scales (Liao, 
2012). For example when a rail line that serves the port is impacted, road could 
be used as suitable alternative. Similarly, rerouting cargo to a back-up port 
could also be considered as a suitable alternative if it does not significantly 
affect the entire logistic chain configuration. 
 
¾ Recovery or Rebound Back: Actions geared to getting the port back up and 
running as soon as possible. In addition to preparedness and responsiveness, 
the ability to recover from climate induced damages is essential in order to 
maintain port logistic services. Rare and periodic climate induced damages 
are opportunities for ports to become better fit and increase resilience. 
Disruptions in ports can have a wide range of potentially negative impacts on 
their transportation networks (Liu & Lam, 2015), while occasionally benefiting 
other ports in close proximity. Such impacts are expected to be further 
magnified by the wide adoption of lean operations and just-in-time practise of 
modern supply chains. 
Moreover, while disruptions provide opportunities for improving resilience, 
they seriously impact the logistic services with detrimental effects to the 
broader context. For this reason, in the logistic context, potential time of 
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recovery after a disaster is an essential factor in order to mitigate risk of further 
losses. The ability of a system to recover immediately after disaster earns a 
maximum score of 25% and the longer it takes to recover, the score 
progressively reduces.  
Generally, goods are transported through a primary port, and possibly a back-
up port. When disruption occurs, the primary port is likely to develop a backlog 
of goods that will not dissipate unless the port reopens, or contingency 
rerouting is implemented via back-up ports. This is often managed seamlessly 
for a short period disruption. However, with longer disruptions, back logs may 
cascade from the first back-up port to a second and so on, thereby magnifying 
impacts which often result in exponential increases in loss as disruptions 
persist. As such, on the resilience matrix (Table 2), the score under recovery 
is a function of the weight (25%) and time of recovery (t). Defining resilience 
as a function of time of recovery is one of the innovations of this methodology. 
Maximum resilience of a scenario (under the recovery category) is achieved 
when time of recovery is minimised or null. The longer the potential time of 
recovery after disruptions, the lesser the resilience for a particular scenario. 
Loss due to disruptions is, in turn, an exponential function of time of recovery. 
If x is the loss incurred by climate disruptions over time t, x depends 
exponentially on time t: 
x(t) = a.bt/τ   
Where a is the constant which reflects the loss during the time (month) of 
disruption when t=0:  
x(0) = a 
The constant b is a positive growth factor, and τ is the time constant (the time 
interval for x to increase by a factor of b). 
(If τ > 0 and b > 1, then x has exponential growth. If τ < 0 and b > 1, or τ > 0 
and 0 < b < 1, then x has exponential decay).  
Under the recovery strategy, it was shown that there is an exponential decay 
relationship between resilience and loss incurred (x), which suggests that τ < 
0 since b>1. The resilience score will therefore be dependent on the variable 
bt/τ: 
Resilience scorer = weight x (b)t/τ   
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In practical term, loss due to climate disruptions in ports significantly diffesr 
from one port to another, depending on the nature, size, characteristic and 
configuration of the port. For the purpose of this case study, assumptions are 
made that the loss due to climate disruptions in ports doubles (b = 2) every 
month (τ = -1), then: 
Resilience scorer = weight x (0.5)t 
 
Table 1: Resilience Matrix 
 
 
Ultimately, the resilience matrix (Table 1) is developed in a way that mitigates the 
following risks: 
 
x Non-Adaptation: Factoring future climate predictions into port 
infrastructure design is the best strategy for building resilience. 
This is known as the first pass on the resilience matrix. In other 
words, the first pass alerts stakeholders to areas of danger (Kane, 
Vanderlinden, Baztan, Touili, & Claus, 2014) requiring special 
attention. Various studies suggest that the cost of climate risk is in 
most case estimated to be higher than the cost of adaptation (The 




x Mal-Adaptation: While there could be many areas of danger, not 
all areas require the same level of attention. Considering the 
constant trade-off between cost and adaptive solution (Becker, 
Inoue, Fischer, & Schwegler, 2012; Hoggart et al., 2014; Ölçer & 
Ballini, 2015), it is crucial to evaluate further each area or 
scenarios and prioritise based on severity, which is reflected by a 
low resilience.  This is the relevance and particularity of the second 
pass and third passes; the ability to adjust and rebound back. 
Ultimately the remaining two passes ensure that adaptation is 
achieved where mostly needed; thereby mitigating risk of mal-
adaptation.  
 
x Over-Adaptation: The current rising tide of cultural anxiety towards 
risk (Mythen, 2004) and the insatiable need for visibility in the 
political sphere may lead to unnecessary adaptation (over 
adaptation) unless a rational assessment is performed to assess 
such need. Some of the literature warned against the risk of over-
investment in unnecessary resilience which is seen as greater 
than the risk of failure (The Royal Academy of Engineering, Ed., 
2011), hence the relevance of an effective resilience matrix. 
 
Although this solution-oriented approach may prove to be very effective in identifying 
adaptation priorities; Cox, Panayotou, Cornwel & Blacka (2014) paradoxically warned 
about the danger of the mono-directional focus of risk assessments which may 
potentially generate consequences in the broader context. In the proposed approach, 
there are indeed climate impacts such as increase in maintenance, operation and 
insurance costs, adverse reputational and safety impact, environmental and 
regulatory impacts which do not visibly and directly affect port logistics over the short 
and medium timeframes, and will, therefore, not receive the necessary attention in 
this methodology. This prompts the need to emphasise the relevance of this 
methodology developed with the immediate view of maintaining port business 
continuity rather than addressing long term business sustainability. Nevertheless, the 
close relation between concepts of business continuity and sustainability cannot be 
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refuted, thereby reinforcing the significance of this methodology as an important and 
additional consideration in the context of long term port business sustainability. 
Further to this, taking into account the concept of infrastructure interdependencies 
(HM Government, ed., 2011), this approach presents some limitations since the port 
cannot control any climate induced failure outside port boundaries with cascading 
effects inside the port. Although there is a wide acknowledgement in the industry of 
the need for ports to partner closely with cities on planning issues, interdependencies 
create an amount of risk that ports should accept to live with.  
 
Ultimately, the proposed methodology in this research is a forward-looking 
management tool that aims at securing seamless port logistic services through the 
promotion of the following three (3) solution-focused cornerstone strategies: 
PREPARE – ADJUST – REBOUND.  
 
In order to demonstrate the applicability of the methodology developed, the DDOP is 
used for case study through the following steps: 
 
x Step 1: Develop a climate narrative for the port: 
South Africa has a reasonable record of climate data over the past 30years 
and this is used for projections up to 50years in future using trend line analysis. 
However, it worth noting that there is reservation in terms of the validity and 
reliability of these projections. The literature strongly recommends that, for 
better accuracy of projections, trend line analysis requires at least a minimum 
of 50years history to project 10years in the future. 
 
x Step 2: Develop a scenario matrix for assessment:  
Scenarios describe possible future developments, they are used here for a 
scientific assessment in order to predict future outcome of climate event. 
 
x Step 3: Select experts and conduct interviews using Delphi Technique and 
analyse results (including behavioural analysis): 
This research serves ultimately at improving decision making. Management 
acts based on perceptions, hence the focus on climate risk perceptions in this 
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research. Understanding perceptions will assist in further apprehending 
management actions and policies, and, perceptions could then be influenced 
and changed through education. The Delphi technique is selected in this case 
study as the most ideal forecasting tool given that it explores perceptions. 
 
x Step 4: Identify high risk climate scenarios and eliminate low risk climate 
scenarios: 
The methodology developed in this research seeks at identifying future high 
risks climate scenarios with the view to proactively address them through 
adaptation. 
 
x Step 5: Develop resilience matrix to highlight opportunities for increasing 
resilience of high risk scenarios (PREPARE – ADJUST – REBOUND): 
Adaptive initiatives are explored through a set of three basic strategies 
(Prepare – Adjust – Rebound) in the resilience matrix. This refers to section 
6.4. 
 
x Step 6: Identify scenarios presenting moderate to high vulnerability and 
develop adaptations framework.  
After considering and factoring all practical adaptive initiatives, some 
scenarios will still exhibit medium to high climate vulnerability. Despite 
recommendations to develop robust crisis management and business 
continuity management strategies, high vulnerability scenarios and black 
swan always present a risk that ports should be able to live with. This forms 
part of sections 6.5 and 6.6. 
 
x Step 7: Develop an implementation strategy framework (The breadth and 
depth of knowledge): 
It is one thing to formulate a strategy and it is another thing to implement it. 
There are many excellent plan that have failed due to poor implementation. 
Implementation strategy for the methodology developed is addressed in the 
appended paper titled: “A Three-Tier Framework for Port Infrastructure 




x Step 8: Analyse constraints and limitations caused by risk perceptions: 
Risks perception is very subjective and exhibit many limitations and 































Since the end of apartheid, there has been remarkable progress in South Africa in 
terms of building an inclusive society, rolling back the shadow of history and 
broadening opportunities for all. Redressing the inequities caused by centuries of 
racial exclusion is a constitutional imperative (National Development Plan, 2030).  
Unfortunately, despite this positive development, South Africa remains one of the 
most unequal societies in the world. The apartheid spatial divide continues to 
dominate the landscape (National Development Plan, 2030). In order to eliminate 
poverty and reduce inequality, the economy must grow faster and in ways that benefit 
all South Africans. From this perspective, public infrastructure investment has 
increasingly been identified as a path to faster economic growth and employment 
creation; in addition to providing basic services. In effect, it was observed that, for 
historical reasons, South Africa has missed a generation of capital investment in 
roads, rail, ports, electricity, water, sanitation, public transport and housing. The 
country requires a higher level of capital spending in order to realise a sustained 
impact on growth and household services. Moreover, due to funding restrictions, 
Public Private Partnership models are encouraged and investments providing broader 
social and economic benefits are prioritised. Developing the Durban-Gauteng freight 
corridor (including construction of a new dig-out port on the site of the old Durban 
airport) is among the infrastructure investment priorities identified at the presidency 
level.  
 
The need for an additional port in the city of Durban has been triggered by prolonged 
congestion arising from a capacity crisis in many aspects of port operations in the 
existing port. Accelerating economic growth and the lowering of barriers to 
international trade have tremendously contributed to increased volumes of seaborne 
traffic, making port activities a strategic focus area for the city of Durban and for the 




The existing Port of Durban (Figure 6), the largest container port in Southern Africa, 
realised average container growth of 8% in the period from 1985 to 2010. It currently 
has a regional market share of approximately 53%. Durban container trade is forecast 
to grow to between 9 and 12million TEU by 2040. Since the container capacity of the 
existing Port of Durban will not accommodate this projected growth, the proposed 
Durban Dig Out Port (DDOP) is contemplated as complementary to the existing Port 
of Durban in terms of provision of additional capacity. Given that forecasted demand 
will exceed the capacity of the existing Port of Durban in the coming years, it is 
imperative that the phased development of the DDOP is planned to provide capacity 
ahead of demand if Durban is to retain its status as the primary shipping gateway into 
Southern Africa. To this end, the proposed disused Durban International Airport site 
as shown on Figures 6 and 7, approximately 10km south-west of the existing Port of 
Durban, has been considered since the early 1990’s. While the primary objective of 
the DDOP is to serve as a gateway for containers destined for the Greater Durban 
Area and the Gauteng Industrial Complex, secondary market sectors to be served 
include liquid bulk and motor vehicles.  
 
 
Figure 6: Aerial view indicating existing Port of Durban and proposed site for DDOP 





Figure 7: Aerial view of proposed DDOP / Disused Durban International Airport 
(Extracted from AECOM, 2014) 
 
 
Figure 8: Artist’s impression of the ultimate DDOP development (Extracted from 
AECOM, 2014) 
 
A demand-driven development, the DDOP would deliver infrastructure in a staged 
manner to meet container demand projections through time. The success of the 
development would hinge on its ability to flexibly provide capacity ahead of demand 




Figure 8 illustrates how the ultimate DDOP development will look once all stages have 
been delivered. It further illustrates the DDOP’s key physical elements: 
 
x Dredged entrance channel plus turning and berthing basins 
x Southern and northern breakwaters to provide sheltered water and 
safe navigation 
x Multi-berth container terminals with connectivity to existing road and 
rail networks 
x Integral Intermodal rail terminals 
x Ro-Ro vehicle terminal, port support facilities and small craft harbour 
at the south end of the port 
x Proximity to existing industrial and residential areas and environmental 
receptors 
Transnet National Port Authority’s objectives for the development of the DDOP can 
be summarised as follows: 
 
x Efficient and cost effective port operations 
x Reliable and safe world class port facilities 
x Capital investment planned to meet long term national freight demand 
x Phased development to support the investment strategies 
x Flexibility of design to respond to changing market conditions 
x Alignment with local and regional planning initiatives 
x State-of-the-art technologies to enhance operations 
x Integration of port capacity with inland transportation development 
plans 
x Integration of sustainable environmental concepts 
x Safe and secure operations  
 




It is important to note that this case study serves to demonstrate the applicability of 
the methodology developed. Accurate climate data projections would be ideal to 
ensure reliability of end results but it is not necessary to demonstrate applicability of 
the methodology developed. Accurate climate data projections necessitate the 
development of advanced climate models in ports and this is unfortunately not 
available in South Africa at this stage. Hence the use of trend line analysis for climate 
projections. 
 
6.2.1. South Africa Climate trends: 
 
Climate projection in South Africa started during the 1990s, based on extensive work 
over the previous decades that explored the role of oceanic and atmospheric drivers 
of regional and local climate, and particularly the pattern of decadal and multi-decadal 
climate variability that characterises the Southern Hemisphere region (Department of 
Environmental Affairs, 2013).  
A series of climate projections was developed from two different methods, namely by 
simple spatial interpolation of global climate models, or by a statically downscaled set 
of projections. The overall outcome of these approaches suggests a significantly 
warmer and drier future South African climate with some indications of increased risk 
of intense rainfall events (Department of Environmental Affairs, 2013). Moreover, as 
a result of improved modelling approaches developed subsequently, a more 
moderate view of future climate change has now been reached and this is reflected 
in the recent Fifth Assessment Report (AR5) of the Intergovernmental Panel on 
Climate change (IPCC). 
 
6.2.2. Climate predictions at DDOP site: 
 
In order to respond to the needs of decision makers to factor climate change into the 
development of the proposed DDOP, climate data projections from statically 
downscaled and spatial interpolation methods present significant limitations. The 
main tools used to project climate are General Circulation Models (GCM), which are 
computer models that mathematically represent various physical processes of the 
global climate system (USAID, 2014). Processes in this system are generally well 
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known but difficult to reliably transpose into a localised-port-specific model due to the 
unique characteristics of each port-city region. Thus, GCM should ideally be 
considered only at global or continental scales for climatic conditions at longer time 
scales. For finer spatial and temporal scales, values from GCM undergo a 
downscaling process. This process relies on the assumption that local climate is a 
combination of large-scale climatic/atmospheric features (global, hemispheric, 
continental, regional) and local conditions such as topography, water bodies, and land 
surface properties (USAID, 2014). Representation of the local conditions requires 
additional local-based information, data and assumptions, which are generally beyond 
the capacity of current GCMs. This has led to further uncertainties and limitations of 
the results. In particular, with the exception of the most common climate variables 
which have been well recorded, the DDOP site has limited high quality historical 
climate data, thereby making downscaling inappropriate for climate predictions at said 
site.   
 
On the other hand, it is important to note the limitations of station interpolation both 
temporally and spatially. This has made the data unsuitable for use in the current 
specific context of port development due to the low number of available observing 
stations. 
 
In light of the above and taking into account the purpose of the case study which 
seeks principally to ground-proof the methodology developed, it was decided to use 
historical climate variables data collected from various recording stations around the 
DDOP site over the past 10 to 30 years depending on the data. Trend lines are then 
drawn for predictions. Although this method provides an acceptable indication for the 
purpose of the case study, a major setback of this approach is the relatively shorter 
historical data period of 10 to 30years. Meanwhile, predictions into the future are 
required for a 50 year time horizon, which corresponds to the design life of the new 
proposed DDOP. Reliable trends for long term predictions ideally require a minimum 
of 50 years of historical data (Mather and Derek, 2012). 
 




Sea level rise impact on port infrastructure could be devastating, especially for low 
lying infrastructure. It is caused by an increase in water volume in the ocean as a 
result of thermal expansion (approximately 55%), melting of glaciers and ice sheets 
(approximately 40%) and reduction of liquid water stored on land (less than 5%) 
(Mather and Derek, 2012). It varies in time and space because of a variety of natural 
factors acting on the Earth’s surface, including solar and lunar tides, waves and winds, 
crustal movements and atmospheric conditions, at both localised and regional scales. 
Anthropogenic effects on the planet have altered this natural state of dynamic 
equilibrium.  
 
Over the past 50 years, sea level change around the southern African coastline has 
been inconstant, thus it would be incorrect to apply a globally calculated sea level rise 
value uniformly to that coastline. The localised sea level trend factors both isostatic 
and eustatic effects, and can therefore be applied with a reasonable amount of 
confidence for the purpose of port and coastal infrastructure planning.  
 
 




Based on the trend shown in Figure 9, sea level is expected to rise by 55mm and 
137.5mm, respectively, in 20 and 50 years from now. This projection will be used to 
assess climate risk using the Delphi technique. 
 
6.2.2.2. Water table: 
 
Water table variation affects soil characteristics with possible impacts on existing or 
new infrastructure. This variation is due principally to human activities. In South Africa, 
there are increasing pressures on groundwater resources from population growth, 
climate change and human activities with a widespread impact in terms of 
groundwater depletion and pollution. There has been strong evidence that ground 
water depletion has been the main cause of land subsidence, giving an impression of 
a rise in sea level along the coastal zone. 
 
In South Africa, ground water is closely monitored by the department of Water and 
Sanitation and boreholes have been drilled country-wide. There are few boreholes 
available at the DDOP site and data collected from these stations was used for 





Figure 10: Ground water prediction at DDOP site 
 
The trend line in Figure 10 suggests ground water depletion at a rate of 0.6885m per 
10 years period. For a 50 year planning horizon, a projected depletion of 2.754m 
should be expected. This forecast is used for survey purposes when assessing 
degree of risk. Moreover, it is important to note that, during the survey, experts were 
divided on this forecast. Some believe that the forecast is fallacious and unrealistic, 
and argue this on the basis that, in spite of human activities and climate change, the 
water table will progressively regain its initial level of equilibrium over time as a result 
of sea water intrusion due to the close proximity of the site to the sea. On the other 
hand, there is an opposing view that believes that the current trend over the past 10 
years suggests otherwise, thereby refuting the sea water intrusion argument which, 
according to this view, is largely dependent on soil formation. Nevertheless, in the 
context of this case study, the rate of depletion as per the trend line is suitable for the 
purpose of this research. 
 
6.2.2.3. Temperature: 
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An understanding of the impact of temperature variation in ports is important because 
it contributes to material expansion and behaviour, durability of materials, and 
equipment performance. Temperature is an important parameter in terms of the 
performance of port assets such as buckling of rail lines and softening of asphalt. 
Long term trends in temperature-related indices are generally clearer than trends for 
other climate variables. As global mean temperature has been observed to increase 
over the last century, largely attributable to the warming effects of anthropogenic 
greenhouse gas emissions, different regions have experienced changes of varying 
magnitude. In South Africa, there is satisfactory amount of historical data from the 
South African Weather Services for the particular DDOP site and this data was 




Figure 11: Temperature prediction at DDOP site 
 
Figure 11 indicates an average temperature increase of 0.615 degrees C over the 
next 50 years. This trend is consistent with the results of projections from the various 
models, indicating a general temperature increase of less than 1degree C along the 
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Precipitation influences ground water table movements, soil properties and salinity, 
drainage design and fluvial discharges with associated sediment load. In port 
infrastructure design, both quantum and seasonal precipitation peaks are important 
factors for consideration. While an increase in precipitation could lead to increased 
flooding and associated damage, a decrease in precipitation could influence ground 
movements and increased soil salinity. This could lead to accelerated degradation of 
materials. 
South Africa has a relatively good network of rainfall recording stations compared to 
the rest of Africa and this makes it possible to investigate trends and variability over 
multiple decades. Historical rainfall data from the DDOP recording station was 
purchased from the South African Weather Services and a trend line was drawn as 
per Figure 12. 
 
 
Figure 12: Rainfall prediction at DDOP site 
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Contrary to the AR5 prediction of a slight increase in rainfall on South African coastal 
zone, the trend line in Figure 12 suggests a decline in rainfall of 3.86mm per year, 
which translates to a 193mm drop in 50 years. This appears to be consistent with the 
water table depletion on the same site as shown in Figure 10. Paradoxically, high 
resolution global models suggest a likely increase in tropical cyclone intensity if the 
climate continues to warm (Department of Environmental Affairs, 2013). Since the 
precipitation trend is recording a drop, while there is significant evidence of intensified 
cyclones, there is strong evidence to suggest that future rainfall events will be highly 




Variation in wave action will have a direct impact on the structural design of berth 
structures, breakwaters and edge treatments to any reclamation. Larger waves are 
likely to result in increased damage to breakwater armour and this can lead to 
increased overtopping and ultimately structural failure. 
 
Historical data on wave action has been recorded along all South African ports for 
decades by the Council of Scientific and Industrial Research (CSIR). Acoustic Doppler 
Current Profiler (ADCP) were used from 2002 to 2008 and, thereafter, Waverider 
Buoys have been used until present time. It is worth noting that wave action data 
received from CSIR was analysed only based on height as shown in Figure 10. 
Though important, no consideration was given to wave direction due to deficiencies 





Figure 13: Wave height prediction at DDOP site 
 
The trend line in Figure 13 suggests a slight gradual decline of wave height of 
0.0028m per year and this corresponds to an overall decline of 0.14m over the next 
50 years. In light of the projected sea level rise of 137.5mm over the next 50 years, 
the projection of decline in wave height appears consistent given the inverse 




Wind is an important factor in port design. In combination with wave action, wind 
influences orientation of berths and channels, design of mooring and fendering 
systems, and operational depths at berths, basins and approach channels. 
Low vertical wind shear and warm sea surface temperature are largely known to be 
the environmental conditions that lead to cyclone generation in the Southern African 
region (Department of Environmental Affairs, 2013). Whilst sea surface temperatures 
over most Tropical Ocean basins have increased by between 0.25 and 0.5 degrees 
centigrade over the last few decades, there remains considerable controversy over 
the impact of climate change on tropical cyclone activity. Two conflicting views have 
been reported, denial and large increase in intensity (Department of Environmental 
Affairs, 2013). This is largely due to the limitations of simulation models for tropical 













































































cyclones as well as at lack of consistency in recording cyclone activities. 
Consideration of tropical cyclones will, therefore, be dealt with under extreme 
weather. 
 
Historical data for wind speed at the DDOP recording stations is managed by the 
South African Weather Services. Data was purchased and analysed for prediction 
purposes as shown in Figure 14. 
 
 
Figure 14: Wind speed prediction at DDOP site 
 
The trend line in Figure 14 suggests a gradual annual increase rate in wind gust of 
0.0103m/s which translates into 0.515m/s over 50years. In addition to speed, direction 
of wind is also an important factor in port design. Unfortunately, data was not 
accessible at the time of the research although there is evidence that such data is 
recorded. In this research, wind considerations in respect to climate change will be 
limited to speed; this approach reflects the RMIT University (2013) study on port 
infrastructure adaptation to climate change. 
 
6.2.2.7. Salinity: 
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Increased salinity accelerates corrosion of steel, resulting in a significant reduction in 
the structural capacity of the structural member. The trend from data received from 
the Council of Scientific and Industrial Research (CSIR) indicates that water salinity 
around Durban has been consistent between 34 and 36 PPT for the past 50 years. 
As such, no visible change could reasonably be predicted over the next 50years. 
Thus, a conservative allowance of 2 PPT salinity variation over the next 50years is 




There is evidence that the performance, serviceability and safety of reinforced 
concrete and steel structures are affected by corrosion-induced deterioration as a 
result of increased humidity, among other climate factors. 
Historical data on humidity is monitored by the South African Weather Services and 
data was purchased and analysed as shown in Figure 15. 
 
 
Figure 15: Humidity prediction at DDOP site 
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The trend shown in Figure 15 suggests a drop in humidity of 2.96% over the next 50 
years. This prediction is somewhat consistent with the decline in rainfall over the same 
time horizon. 
 
6.2.3. DDOP climate narrative: 
 
Results from the trends analysis led to the development of a climate narrative (Table 
2), which will form the basis of the Delphi technique assessment. 
 













SEA LEVEL m 0.14
WATER TABLE m 3.40















6.3. Delphi Technique: 
 
The methodology developed in this research serves to improve management decision 
making. Management acts based on perceptions, and, changing management actions 
through improved decision making will necessitate a change in perceptions. The 
Delphi technique is selected in this case study as a reliable forecasting tool for 
gathering perceptions of decision makers. 
 
The Delphi theory is a popular forecasting technique that seeks at gathering reliable 
expert group opinion (Landeta, 2006) based on consensus. Consensus is defined as 
group solidarity in sentiment (Gracht, 2012). The theory is widely acknowledged as a 
very reliable and popular tool for decision making (Okoli & Pawlowski, 2004) where 
judgemental information is indispensable.  Ultimately, the Delphi theory serves three 
principal purposes: Forecasting, issue identification and prioritization. 
 
An important aspect about the Delphi study is its non-dependence on a statistical 
representative population sample but rather on the consensus of qualified experts 
with deep understanding of the issues (Okoli & Pawlowski, 2004). The selection of 
qualified experts is, therefore, the most critical process in ensuring the integrity of 
results in the context of the Delphi theory. 
 
Moreover, although the theory is widely acknowledged within the scientific 
community, weaknesses in the theory have been recognised and highlighted 
(Landeta, 2006). The use of consensus as a way to approach the truth is perceived 
as the greatest weakness. Furthermore, the subjective nature of the process, which 
relies entirely on experts opinions is viewed as an additional weakness since bias 
may easily occur. As a result, the accuracy and reliability of the theory are difficult to 
assess. Most importantly, weak survey statement formulation may also lead to 
different interpretations (Gracht, 2012), compromising integrity of the survey results. 
While the attainment of a consensus forms the basis of Delphi studies, other methods 
(Okoli & Pawlowski, 2004) emphasise differences in opinion as the basis for further 
concept development (Rowe & Wright, 2011). This methodology is justified on the 




During this case study, the basic characteristics of the technique were observed and 
complied with: 
 
x Anonymity: During this study, each of the 7 experts was approached 
individually in order to reduce the effect of dominant individuals (virtual panel 
of experts). 
x Iteration over four (4) rounds was observed in order to avoid psychological 
error and allow modification of prior judgement until stability is reached. 
x Group response was presented to all experts after each round. 
 
6.3.1. Selection of Experts: 
 
The DDOP project is currently in the phase of prefeasibility. While Transnet National 
Port Authority is the project sponsor, there are many contracted consultants providing 
various professional services on the project. The experts selected are all established 
professionals from various organisations who are involved on the project in different 
capacities. Additionally, all experts are familiar with the existing port of Durban, which 
is located within 10 kilometres north of the DDOP site. Since the DDOP is not yet 
developed, interviews were conducted based on plans and drawings, taking into 
consideration the reality of the existing Port of Durban which is familiar by all experts. 
 
The selected experts involved in this study are: 
 
x Nelson Mbatha: Senior Environmental Manager with over 20years in 
oil and gas, and port industries. 
x David John McGillewie: Professional Engineer with over 35years 
experience in port development, design and maintenance.  
x Rajan Chetty: Professional Engineer with over 25 years’ experience 
in port planning, development and infrastructure maintenance. 
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x Ronald Wicks: Professional Engineer with over 40years experience 
in port engineering, design and maintenance. 
x Anand Naidoo: Principal Project Manager with 20years experience in 
infrastructure development. 
x Joseph McMahon: Environmental Manager with over 35years 
experience. 
x Selvan Pillay: Over 20years in port planning and development. 
 
After factoring the relevant DDOP climate narrative (Table 1), the seven experts 
individually assessed each of the 48 scenarios relevant to the DDOP (figure 16) and 
assigned a climate risk score on a scale from 0 to 3, with 0 and 3 corresponding 
respectively to no risk and very high risk. 
 
 




6.3.2. Results and data interpretation: 
First round: 
Table 3: Delphi First round results 
 
SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE
1 1 1 1 1 2 1 2 1,29 0,49
2 0 0 0 0 0 0 0 0,00 0,00
3 0 0 1 0 2 0 0 0,43 0,79
4 0 0 0 0 0 0 0 0,00 0,00
5 0 0 0 0 0 0 0 0,00 0,00
6 2 1 0 1 2 0 1 1,00 0,82
7 0 0 0 0 0 0 1 0,14 0,38
8 0 0 0 0 0 0 0 0,00 0,00
9 1 1 1 0 0 0 0 0,43 0,53
10 0 0 0 0 0 1 0 0,14 0,38
11 0 0 1 0 0 0 0 0,14 0,38
12 0 0 0 0 0 0 0 0,00 0,00
13 0 0 0 0 0 0 0 0,00 0,00
14 1 1 1 1 1 0 2 1,00 0,58
15 0 0 0 0 0 0 0 0,00 0,00
16 0 0 0 0 0 0 0 0,00 0,00
17 2 1 1 1 1 1 1 1,14 0,38
18 1 0 0 1 0 1 0 0,43 0,53
19 0 0 1 0 1 0 0 0,29 0,49
20 0 0 0 0 0 0 0 0,00 0,00
21 0 0 0 0 0 0 0 0,00 0,00
22 2 1 1 0 1 0 0 0,71 0,76
23 1 0 0 1 1 1 1 0,71 0,49
24 0 0 0 0 0 1 0 0,14 0,38
25 1 1 1 1 0 0 0 0,57 0,53
26 0 1 0 0 2 0 0 0,43 0,79
27 1 0 1 1 1 0 1 0,71 0,49
28 0 0 0 0 0 0 0 0,00 0,00
29 0 0 0 0 0 0 0 0,00 0,00
30 2 1 1 1 1 0 1 1,00 0,58
31 0 0 0 1 0 0 1 0,29 0,49
32 0 0 0 0 0 0 0 0,00 0,00
33 0 0 1 0 0 0 0 0,14 0,38
34 0 1 0 0 2 0 0 0,43 0,79
35 1 1 0 1 1 0 1 0,71 0,49
36 0 0 0 0 0 0 0 0,00 0,00
37 0 0 0 0 0 0 0 0,00 0,00
38 0 0 0 0 1 0 0 0,14 0,38
39 0 0 0 0 0 0 0 0,00 0,00
40 0 0 0 0 0 0 0 0,00 0,00
41 0 0 0 0 0 0 0 0,00 0,00
42 0 1 0 0 1 0 0 0,29 0,49
43 0 0 0 1 1 0 1 0,43 0,53
44 0 0 0 0 0 0 0 0,00 0,00
45 0 0 0 0 0 0 0 0,00 0,00
46 1 0 0 1 1 0 1 0,57 0,53
47 0 0 1 1 0 0 1 0,43 0,53












SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE
1 1,00 1,00 1,00 1,00 1,50 1 2,00 1,21 0,39
2 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
3 0,00 0,00 1,00 0,00 0,50 0 0,00 0,21 0,39
4 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
5 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
6 1,00 1,00 1,00 1,00 1,00 1 1,00 1,00 0,00
7 0,00 0,00 0,00 0,00 0,20 0 0,00 0,03 0,08
8 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
9 1,00 1,00 1,00 0,00 0,00 0 0,00 0,43 0,53
10 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
11 0,00 0,00 1,00 0,00 0,00 0 0,00 0,14 0,38
12 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
13 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
14 1,00 1,00 1,00 1,00 1,00 1 1,00 1,00 0,00
15 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
16 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
17 1,00 1,00 1,00 1,00 1,00 1 1,00 1,00 0,00
18 1,00 0,00 0,00 0,00 0,00 0 0,00 0,14 0,38
19 0,00 0,00 1,00 0,00 0,20 0 0,00 0,17 0,37
20 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
21 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
22 1,00 1,00 1,00 0,00 1,00 1 1,00 0,86 0,38
23 1,00 1,00 1,00 1,00 1,00 0 0,00 0,71 0,49
24 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
25 1,00 1,00 1,00 1,00 0,20 0 1,00 0,74 0,44
26 1,00 1,00 0,00 0,00 0,50 0 0,00 0,36 0,48
27 1,00 1,00 1,00 1,00 0,50 1 1,00 0,93 0,19
28 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
29 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
30 1,00 1,00 1,00 1,00 1,00 1 1,00 1,00 0,00
31 0,00 0,00 0,00 1,00 0,30 0 1,00 0,33 0,47
32 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
33 0,00 0,00 1,00 0,00 0,10 0 0,00 0,16 0,37
34 1,00 1,00 0,00 0,00 0,50 0 0,00 0,36 0,48
35 1,00 1,00 0,00 1,00 0,50 1 1,00 0,79 0,39
36 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
37 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
38 0,00 0,00 0,00 0,00 0,20 0 0,00 0,03 0,08
39 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
40 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
41 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
42 0,00 1,00 0,00 0,00 0,50 0 0,00 0,21 0,39
43 0,00 0,00 0,00 1,00 0,50 1 1,00 0,50 0,50
44 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
45 0,00 0,00 0,00 0,00 0,00 0 0,00 0,00 0,00
46 1,00 0,00 0,00 1,00 0,50 0 1,00 0,50 0,50
47 0,00 0,00 1,00 1,00 0,50 0 1,00 0,50 0,50












SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE
1 1 1,00 1,00 1 1,25 1 1 1,04 0,09
2 0 0,00 0,00 0 0 0 0 0,00 0,00
3 0 0,00 1,00 0 0,25 0 0 0,18 0,37
4 0 0,00 0,00 0 0 0 0 0,00 0,00
5 0 0,00 0,00 0 0 0 0 0,00 0,00
6 1 1,00 1,00 1 1 1 1 1,00 0,00
7 0 0,00 0,00 0 0,05 0 0 0,01 0,02
8 0 0,00 0,00 0 0 0 0 0,00 0,00
9 1 1,00 1,00 0 0,5 0 0 0,50 0,50
10 0 0,00 0,00 0 0 0 0 0,00 0,00
11 0 0,00 1,00 0 0,1 0 0 0,16 0,37
12 0 0,00 0,00 0 0 0 0 0,00 0,00
13 0 0,00 0,00 0 0 0 0 0,00 0,00
14 1 1,00 1,00 1 1 1 1 1,00 0,00
15 0 0,00 0,00 0 0 0 0 0,00 0,00
16 0 0,00 0,00 0 0 0 0 0,00 0,00
17 1 1,00 1,00 1 1 1 1 1,00 0,00
18 0 0,00 0,00 0 0 0 0 0,00 0,00
19 0 0,00 1,00 0 0,15 0 0 0,16 0,37
20 0 0,00 0,00 0 0 0 0 0,00 0,00
21 0 0,00 0,00 0 0 0 0 0,00 0,00
22 1 1,00 1,00 1 0,8 1 1 0,97 0,08
23 1 1,00 1,00 1 0,7 0 1 0,81 0,38
24 0 0,00 0,00 0 0 0 0 0,00 0,00
25 1 1,00 1,00 1 0,5 0 1 0,79 0,39
26 0 1,00 0,00 0 0,4 0 0 0,20 0,38
27 1 1,00 1,00 1 0,9 1 1 0,99 0,04
28 0 0,00 0,00 0 0 0 0 0,00 0,00
29 0 0,00 0,00 0 0 0 0 0,00 0,00
30 1 1,00 1,00 1 1 1 1 1,00 0,00
31 0 0,00 0,00 1 0,3 0 0 0,19 0,38
32 0 0,00 0,00 0 0 0 0 0,00 0,00
33 0 0,00 1,00 0 0,1 0 0 0,16 0,37
34 0 1,00 0,00 0 0,4 0 0 0,20 0,38
35 1 1,00 0,00 1 0,7 1 1 0,81 0,38
36 0 0,00 0,00 0 0 0 0 0,00 0,00
37 0 0,00 0,00 0 0 0 0 0,00 0,00
38 0 0,00 0,00 0 0,2 0 0 0,03 0,08
39 0 0,00 0,00 0 0 0 0 0,00 0,00
40 0 0,00 0,00 0 0 0 0 0,00 0,00
41 0 0,00 0,00 0 0 0 0 0,00 0,00
42 0 1,00 0,00 0 0,4 0 0 0,20 0,38
43 0 0,00 0,00 1 0,5 1 0 0,36 0,48
44 0 0,00 0,00 0 0 0 0 0,00 0,00
45 0 0,00 0,00 0 0 0 0 0,00 0,00
46 0 0,00 0,00 1 0,5 0 0 0,21 0,39
47 0 0,00 1,00 1 0,5 0 1 0,50 0,50







Fourth and final round: 




SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE
1 1 1,00 1,00 1 1 1 1 1,00 0,00
2 0 0,00 0,00 0 0 0 0 0,00 0,00
3 0 0,00 1,00 0 0,2 0 0 0,17 0,37
4 0 0,00 0,00 0 0 0 0 0,00 0,00
5 0 0,00 0,00 0 0 0 0 0,00 0,00
6 1 1,00 0,50 1 1 1 1 0,93 0,19
7 0 0,00 0,00 0 0,01 0 0 0,00 0,00
8 0 0,00 0,00 0 0 0 0 0,00 0,00
9 1 1,00 0,50 0 0,5 0 0 0,43 0,45
10 0 0,00 0,00 0 0 0 0 0,00 0,00
11 0 0,00 1,00 0 0,15 0 0 0,16 0,37
12 0 0,00 0,00 0 0 0 0 0,00 0,00
13 0 0,00 0,00 0 0 0 0 0,00 0,00
14 1 1,00 1,00 1 1 1 1 1,00 0,00
15 0 0,00 0,00 0 0 0 0 0,00 0,00
16 0 0,00 0,00 0 0 0 0 0,00 0,00
17 1 1,00 1,00 1 1 1 1 1,00 0,00
18 0 0,00 0,00 0 0 0 0 0,00 0,00
19 0 0,00 1,00 0 0,16 0 0 0,17 0,37
20 0 0,00 0,00 0 0 0 0 0,00 0,00
21 0 0,00 0,00 0 0 0 0 0,00 0,00
22 1 1,00 1,00 1 0,9 1 1 0,99 0,04
23 1 1,00 1,00 1 0,8 1 1 0,97 0,08
24 0 0,00 0,00 0 0 0 0 0,00 0,00
25 1 1,00 1,00 1 0,8 1 1 0,97 0,08
26 0 1,00 0,00 0 0,2 0 0 0,17 0,37
27 1 1,00 1,00 1 0,95 1 1 0,99 0,02
28 0 0,00 0,00 0 0 0 0 0,00 0,00
29 0 0,00 0,00 0 0 0 0 0,00 0,00
30 1 1,00 1,00 1 1 1 1 1,00 0,00
31 0 0,00 0,00 0 0,2 0 0 0,03 0,08
32 0 0,00 0,00 0 0 0 0 0,00 0,00
33 0 0,00 0,50 0 0,15 0 0 0,09 0,19
34 0 1,00 0,00 0 0,4 0 0 0,20 0,38
35 1 1,00 0,50 1 0,8 1 1 0,90 0,19
36 0 0,00 0,00 0 0 0 0 0,00 0,00
37 0 0,00 0,00 0 0 0 0 0,00 0,00
38 0 0,00 0,00 0 0,05 0 0 0,01 0,02
39 0 0,00 0,00 0 0 0 0 0,00 0,00
40 0 0,00 0,00 0 0 0 0 0,00 0,00
41 0 0,00 0,00 0 0 0 0 0,00 0,00
42 0 1,00 0,00 0 0,2 0 0 0,17 0,37
43 0 0,00 0,00 0 0,3 1 0 0,19 0,38
44 0 0,00 0,00 0 0 0 0 0,00 0,00
45 0 0,00 0,00 0 0 0 0 0,00 0,00
46 0 0,00 0,00 0 0,2 0 0 0,03 0,08
47 0 0,00 1,00 0 0,5 0 1 0,36 0,48







Summary of standard deviation: 
Table 7: Summary of standard deviation throughout different rounds 
 
ROUND 1 ROUND 2 ROUND 3 ROUND 4
1 0,49 0,39 0,09 0,00
2 0,00 0,00 0,00 0,00
3 0,79 0,39 0,37 0,37
4 0,00 0,00 0,00 0,00
5 0,00 0,00 0,00 0,00
6 0,82 0,00 0,00 0,19
7 0,38 0,08 0,02 0,00
8 0,00 0,00 0,00 0,00
9 0,53 0,53 0,50 0,45
10 0,38 0,00 0,00 0,00
11 0,38 0,38 0,37 0,37
12 0,00 0,00 0,00 0,00
13 0,00 0,00 0,00 0,00
14 0,58 0,00 0,00 0,00
15 0,00 0,00 0,00 0,00
16 0,00 0,00 0,00 0,00
17 0,38 0,00 0,00 0,00
18 0,53 0,38 0,00 0,00
19 0,49 0,37 0,37 0,37
20 0,00 0,00 0,00 0,00
21 0,00 0,00 0,00 0,00
22 0,76 0,38 0,08 0,04
23 0,49 0,49 0,38 0,08
24 0,38 0,00 0,00 0,00
25 0,53 0,44 0,39 0,08
26 0,79 0,48 0,38 0,37
27 0,49 0,19 0,04 0,02
28 0,00 0,00 0,00 0,00
29 0,00 0,00 0,00 0,00
30 0,58 0,00 0,00 0,00
31 0,49 0,47 0,38 0,08
32 0,00 0,00 0,00 0,00
33 0,38 0,37 0,37 0,19
34 0,79 0,48 0,38 0,38
35 0,49 0,39 0,38 0,19
36 0,00 0,00 0,00 0,00
37 0,00 0,00 0,00 0,00
38 0,38 0,08 0,08 0,02
39 0,00 0,00 0,00 0,00
40 0,00 0,00 0,00 0,00
41 0,00 0,00 0,00 0,00
42 0,49 0,39 0,38 0,37
43 0,53 0,50 0,48 0,38
44 0,00 0,00 0,00 0,00
45 0,00 0,00 0,00 0,00
46 0,53 0,50 0,39 0,08
47 0,53 0,50 0,50 0,48
48 0,38 0,00 0,00 0,00




Tables 3, 4. 5 and 6 indicate the results from the four rounds. For most scenarios, 
trends over the four rounds indicate a strong tendency to move towards consensus, 
which is expressed by standard deviation gradually moving closer or equal to zero. 
This is also clearly reflected in the total average standard deviation for all scenarios, 
which declines significantly from 0.31, to 0.17, to 0.13 and finally to 0.09 over the four 
rounds (Table 7). While there is a significant difference of 0.14 between the average 
standard deviation of the two first rounds, minor differences in average standard 
deviation from round 2 to round 3 (0.04) and round 3 to round 4 (0.04) suggest that 
the process has reached an acceptable level of stability. At this level, in terms of the 


























6.3.3. Summary of results based on group average (Mean) in final round 
 
 
Figure 17: Initial DDOP scenario matrix results 
 
 























































































Taking into account Table 8, initial results shown in Figure 18 suggest that wind 
(referring to scenarios 14 and 30) and sea level (scenarios 1 and 17) are the biggest 
threats (medium risk) to the DDOP. It is further revealed that rainfall, wave and 
humidity are not likely to affect the DDOP in any way in the future, though the results 
do not refute the possibility of a rare extreme weather event involving these climate 
variables in the future. This type of event is addressed in section 6.5.  
Meanwhile, it was also observed from the initial results that climate risk exposure is 
higher towards the sea side and progressively reducing towards land side (Figure 18), 
a trend that reflects the global survey.  
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6.3.4. Elimination of Zero-Risk Scenarios (Risk score = 0) 
 
Figure 18 indicates twenty five (25) zero-risk scenarios with 100% consensus. These 
scenarios (2, 4, 5, 7, 8, 10, 12, 13, 15, 16, 18, 20, 21, 24, 28, 29, 32, 36, 37, 39, 40, 
41, 44, 45 and 48) are therefore eliminated from further consideration. The remaining 
scenarios are shown in Table 9 below.  
 
Table 9: Remaining scenarios table 
 
 
As shown in Table 9, for each scenario, the mean score (also referred to in the table 
as group average) is an indicator of the level of risk. Moreover, only scenarios with 
consensus (zero coefficient of variation) are immediately plotted on the risk matrix as 
final (Figure 20), given that they do not present any form of ambiguity. All other 
scenarios require further analysis to depict the experts’ behaviours. Meanwhile, 
standard deviation and coefficient of variation (also known as relative standard 
deviation) provide, respectively, an indication of the disparity and the extent of the 
variability in relation to the mean.  
 
Mean: 
SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE
1 1 1,00 1,00 1 1 1 1 1,00 0,00 0,00
3 0 0,00 1,00 0 0,2 0 0 0,17 0,37 2,18
6 1 1,00 0,50 1 1 1 1 0,93 0,19 0,20
9 1 1,00 0,50 0 0,5 0 0 0,43 0,45 1,05
11 0 0,00 1,00 0 0,15 0 0 0,16 0,37 2,27
14 1 1,00 1,00 1 1 1 1 1,00 0,00 0,00
17 1 1,00 1,00 1 1 1 1 1,00 0,00 0,00
19 0 0,00 1,00 0 0,16 0 0 0,17 0,37 2,25
22 1 1,00 1,00 1 0,9 1 1 0,99 0,04 0,04
23 1 1,00 1,00 1 0,8 1 1 0,97 0,08 0,08
25 1 1,00 1,00 1 0,8 1 1 0,97 0,08 0,08
26 0 1,00 0,00 0 0,2 0 0 0,17 0,37 2,18
27 1 1,00 1,00 1 0,95 1 1 0,99 0,02 0,02
30 1 1,00 1,00 1 1 1 1 1,00 0,00 0,00
31 0 0,00 0,00 0 0,2 0 0 0,03 0,08 2,65
33 0 0,00 0,50 0 0,15 0 0 0,09 0,19 2,02
34 0 1,00 0,00 0 0,4 0 0 0,20 0,38 1,91
35 1 1,00 0,50 1 0,8 1 1 0,90 0,19 0,21
38 0 0,00 0,00 0 0,05 0 0 0,01 0,02 2,65
42 0 1,00 0,00 0 0,2 0 0 0,17 0,37 2,18
43 0 0,00 0,00 0 0,3 1 0 0,19 0,38 2,02
46 0 0,00 0,00 0 0,2 0 0 0,03 0,08 2,65















Coefficient of Variation (CV): 
Equation 3 
 
It is essential to note that all remaining non-consensus scenarios require further 
analysis to depict the expert’s behaviours which will reveal further additional 
interesting facts. 
 
6.3.5. Experts’ behaviours analysis. 
 
After comparing different parametric methods for Delphi data processing, a 
recommendation for using the Coefficient of Variation (CV) method for termination 
decisions is widely acknowledged in the literature (Shah and Kalaian, 2009) as 
follows: 
x If the Coefficient of Variation (CV) = 0; there is consensus 
x If 0<CV<0.3, there is quasi consensus. 
x If CV ≥ 0.3; there is divergence of views. 
As shown in Table 9, given that coefficient of variations between experts for scenarios 
in quasi consensus gradually decline throughout the four rounds (CV1, CV2, CV3 and 
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CV4), it is not unreasonable to conclude that the quasi consensus is an anticipation 
of future consensus if further additional rounds of interviews had been conducted.  
 
Table 10: Summary of Coefficient of Variations over different round 
 
 
Taking into account the mode as a value that appears most often in a set of data 
(Shah and Kalaian, 2009), all mean scores for quasi consensus scenarios will be 
replaced by the mode. Therefore, while the mean risk score of each quasi consensus 
scenario reflects a score below 1 (Table 10), mode is used for each scenario as the 
most probable risk score from the experts (table 11); thereby placing all quasi 
consensus scenarios in the medium risk range (1≤Risk≤2). 
 
Table 11: Summary of quasi-consensus scenarios 
 
SCENARIO CV1 CV2 CV3 CV4 Observation 
1 0,38 0,32 0,091233 0,00 Consensus
3 1,84 1,84 2,094437 2,18 Divergence
6 0,82 0,00 0 0,20 Q-consensus
9 1,25 1,25 1 1,05 Divergence
11 2,65 2,65 2,377002 2,27 Divergence
14 0,58 0,00 0 0,00 Consensus
17 0,33 0,00 0 0,00 Consensus
19 1,71 2,18 2,268799 2,25 Divergence
22 1,06 0,44 0,077816 0,04 Q-consensus
23 0,68 0,68 0,46184 0,08 Q-consensus
25 0,94 0,60 0,500688 0,08 Q-consensus
26 1,84 1,33 1,914854 2,18 Divergence
27 0,68 0,20 0,038344 0,02 Q-consensus
30 0,58 0,00 0 0,00 Consensus
31 1,71 1,44 2,024992 2,65 Divergence
33 2,65 2,38 2,377002 2,02 Divergence
34 1,84 1,33 1,914854 1,91 Divergence
35 0,68 0,50 0,46184 0,21 Q-consensus
38 2,65 2,65 2,645751 2,65 Divergence
42 1,71 1,84 1,914854 2,18 Divergence
43 1,25 1,00 1,331666 2,02 Divergence
46 0,94 1,00 1,835857 2,65 Divergence
47 1,25 1,00 1 1,33 Divergence
SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE MODE
6 1 1 0,5 1 1 1 1 1
22 1 1 1 1 0,9 1 1 1
23 1 1 1 1 0,8 1 1 1
25 1 1 1 1 0,8 1 1 1
27 1 1 1 1 0,95 1 1 1




In Table 10, it is quite apparent that quasi consensus scenarios have shown gradual 
reduction in coefficient of variations over the different rounds and their risk scores are, 
therefore, maintained as per mode shown in Table 11. Modes are an anticipation of 
future risk score if further rounds had been conducted for these specific scenarios. 
Paradoxically, in most cases, there is an amplification tendency in the coefficient of 
variations over the same cycle of rounds for scenarios in divergence (3, 9, 11, 19, 26, 
31, 33, 34, 38, 42, 43, 46, and 47) as per Table 10, suggesting a significant and 
permanent disagreement of views from the different experts. Trends further suggest 
that this disagreement will likely continue to deepen if further additional rounds of 
interviews were to be conducted, and this should have strengthened further the 
uncertainty. This situation highlights the limitation of the DELPHI technique. In the 
absence of a firm consensus, and given the proactive and conservative nature of the 
approach proposed in this study, the maximum risk score for each scenario (which 
corresponds to the worst case scenario) is considered for resilience building. This is 
reflected in Table 12. Where disagreement is looming, the maximum risk score for 
each individual scenario in divergence is treated as the mean score for safe planning 
purposes. 
 
Table 12: DDOP scenarios in disagreement 
 
 
After taking into account experts’ behaviours, response anticipation (mode) and 
adjustment to scenarios in disagreement, the revised final risk matrix for DDOP differs 
substantially from the initial mean-based risk matrix. This is shown in Figure 19. The 
SCENARIO ANAND RAJAN NELSON SELVAN JOSEPH RONALD DAVE MEAN MAX
3 0 0 1 0 0,2 0 0 0,17 1,00
9 1 1 0,5 0 0,5 0 0 0,43 1,00
11 0 0 1 0 0,15 0 0 0,16 1,00
19 0 0 1 0 0,16 0 0 0,17 1,00
26 0 1 0 0 0,2 0 0 0,17 1,00
31 0 0 0 0 0,2 0 0 0,03 0,20
33 0 0 0,5 0 0,15 0 0 0,09 0,50
34 0 1 0 0 0,4 0 0 0,20 1,00
38 0 0 0 0 0,05 0 0 0,01 0,05
42 0 1 0 0 0,2 0 0 0,17 1,00
43 0 0 0 0 0,3 1 0 0,19 1,00
46 0 0 0 0 0,2 0 0 0,03 0,20
47 0 0 1 0 0,5 0 1 0,36 1,00
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steep disparity between the two matrixes suggests that experts in South Africa may 
instinctively be downplaying climate impacts on ports. This behaviour may possibly 
be attributed to a culture characterised by unrealistic optimism and illusion of control 
or simply scepticism. To address this, strong management actions are required and 
will be discussed under section 6.6. 
 
 
Figure 19: Comparison between DDOP early and final scenarios matrix results 
 
Based on Figure 19, Temperature is shown to be the greatest concern at the DDOP, 
affecting all types of port infrastructure. This needs to be factored appropriately during 
port development. While it is anticipated that variations in rainfall, wave and humidity 
will unlikely impact port infrastructure functionality; sea level, temperature and wind 
exhibit signs of climate concern for sea-side structures. Land based structures will 
likely be affected by water table as per scenarios 26, 34 and 42 and wind. It is 
important to note from Figure 20 that there are no high risk scenarios at the DDOP, a 
tendency that suggests a relatively lower climate impacts at the DDOP than global 









DDOP Final Risk Matrix: 
 
Figure 20: DDOP final risk matrix 
 
Ironically, while there is a strong indication from the global port risk results that wave 
and wind are the biggest concerns (Mutombo and Olcer, 2016b), wave actions at the 
DDOP presents no risk. This is attributed to the projected gradual decrease in wave 




























































































6.4. Resilience Matrix: 
 
Resilience is increasingly recognised to be a fundamental attribute of operating 
systems in an ever-changing world. Moreover, the more complex a system is, the 
more its resilience is likely to wane, making it vulnerable to external disruptions and 
internal decay (Rodriguez, Comtois & Slack, 2013). In the context of port infrastructure 
adaptation to climate change, a new philosophical approach is required: Given the 
high uncertainty of future events, rather than struggling to maintain constancy, a new 
mindset involving embracing variability should be promoted. In other words, focus in 





Given that there are no high risk scenarios (red coloured), all yellow shaded scenarios 
(medium risk) in Figure 20 are now subjected to a resilience matrix with a view to 
seeking opportunities for resilience improvement though three distinct strategies: 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In spite of all the resilience-building initiatives that could be factored during port 
development, it was found from Tables 13 to 18 that sea-based infrastructure still 
present some amount of vulnerability (medium resilience score) that port will be 
compelled to live with (Figure 18). This trend is consistent with the global survey 
results (Mutombo and Olcer, 2016b).  This is attributed to the rigidity of sea-based 
infrastructure and inability to incorporate “adjust” and “rebound” strategies. Sea-based 
infrastructure is often a heavy investment asset that offers little flexibility for 
alternatives and requires unreasonable amount of time and resources to remediate in 
case of damage. The prohibitive costs required to develop “adjust” and “rebound 
back” strategies for sea-based infrastructure suggest a trade-off between long term 
sustainability and short term resilience in general. Although resilience is necessary, it 
is not sufficient for achieving sustainability and this is discussed in the next section. It 
is therefore essential to adopt a very conservative approach with “prepare” during 
design of this type of structure by including a higher safety factor, given that there is 
very little room for alternatives and quick repairs without causing major disruptions to 
the logistic chains. 
Meanwhile, for land based structures, the possibility of achieving very high resilience 
through the 3 strategies cannot be refuted. However, in practical terms, black swan 
events always present a certain amount of risk to ports. Human interventions, 
including new policies, technologies and management, can, however, improve the 
ability of a system to remain in a desired state or enable the system to shift to a 
preferred state during a black swan event.  
As a general additional response, recommendations to develop broader Ports-Cities 










6.5. Black Swan Events: 
 
The methodology by elimination with a resilience matrix is a powerful concept for 
identifying vulnerability and building climate resilience in port systems. Unfortunately, 
the most damaging disruptions tend to result from very low probability, high 
consequence scenarios that are difficult or impossible to anticipate. In the face of 
complexity and turbulence, traditional risk-based practises are unfortunately 
inadequate, thereby making disruptions unforeseeable (Aven, 2015; Krupa and 
Jones, 2013; Ruwantissa, 2013).  
 
A black swan is defined in the literature as a surprising extreme event relative to one׳s 
knowledge/beliefs (Aven, 2015; Krupa and Jones, 2013; Ruwantissa, 2013), and can 
be of the following types: a) unknown unknowns, b) unknown knowns (we do not have 
the knowledge but others do) and c) events that are judged to have a negligible 
probability of occurrence and thus are not believed to occur. This study will principally 
focus on the latter category which deals with low probability events with high impacts. 
It was found from the interviews that, in most cases, ports are most concerned with 
changes in intensity and frequency rather than progressive change. These events that 
are generally the results of interactions of multiple climate variables with extreme 
intensity, are known to create multiplier effects. Furthermore, they are considered so 
unlikely that they are ignored due to their high complexity which makes cautionary 
measures difficult to implement. 
 
Meanwhile, in recent times, there has been a shift from quantifying specific risk factors 
to portraying the interdependencies between these factors (Javier, n.d.; Aven, 2015; 
Krupa and Jones, 2013; Ruwantissa, 2013; Taleb, 2007; Higgins, 2013). Known 
catastrophic climate events are not always the cause of major disruptions (Aven, 
2015). In a complex supply network such as a port system, small disturbances can 
cascade into massive breakdowns with major visible impacts. However, these 
disturbances may sometimes originate from outside the port environment. It is virtually 
impossible to predict the nature or timing of these disturbances due the complexity of 
their origins. Smooth changes can usually be handled by mid-course adjustments, but 
real complex systems do not have smooth curves with clear predictions (Aven, 2013). 
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In such systems, sudden shifts may occur when a tipping point is reached and, 
unfortunately, this point is not foreseeable. As an illustration, Figure 22 reflects the 
multiplier effect of a gust as it increases due to the additional factors it may generate 
(increase in wave action etc…). These factors will also contribute to multiplying 
damage effects (Pittock, 2009). 
 
 
Figure 21: Illustration on increase in damages caused by gust 
 
In addition to Black Swan events, a port can be at risk of business interruption and a 
corresponding drop in revenue from a wide variety of factors outside its control. This 
could include denial of access to the port if a key access route (by sea, road or rail)  
to a key partner’s facility (such as factory, plant, or mine) is broken or damaged. 
Furthermore, failure of essential utilities or a cyber-attack could also represent serious 
threats to the port (Rodrigue, 2010). 
 
Given the multiple unknowns, building resilience for Black Swan events in ports 
requires an incredible amount of resources which makes this exercise unsustainable, 
wasteful and prohibitively expensive, especially considering the very low probability 
of such event. This is the focal point in much of the any literature that discusses 
sustainability and resilience as two essential concepts for the achievement of success 
in business (Fiksel, 2013; Aven, 2013). When building resilience by reducing 























25% increase in peak gust causes 
650% increase in building 
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paramount. This is clearly illustrated in Figure 23. The concept of sustainability is 
gradually shifting from a goal to a state of continuous adaptation to changing 
conditions. To avoid erosion of profits, there is always a certain amount of risk that a 
port must accept. The real challenge for management is to design cost effective 
products, processes and operating practices to be inherently resilient or to respond 
promptly to Black Swan situations (Fiksel, 2013; Rahimi and Azad, 2014) with 
minimum disruption to the logistic chain. 
 
 
Figure 22: Zone of Balanced Resilience (Fiksel, Goodman & Hecht, 2014) 
 
In summary, generally, mainstream risk management assumes risks are foreseeable. 
Meanwhile, in Black Swan thinking, the focus is on unforeseeable risk and events that 
may not be predicted (Fiksel, Goodman & Hecht, 2014). To confront climate risks in 
ports including climate-induced black swans, there is a need to balance a risk-based 
approach, cautionary / precautionary measures and discourse-based approaches 
(Aven, 2015), a response framework which is consistent with the three (3) strategies 
set in this research (PREPARE, ADJUST and REBOUND). This is fundamental for 
risk management. For scenarios where knowledge is strong and uncertainties are 
small, risk-based approach can be used alone. Conversely, when stakes are high and 
uncertainty is high, cautionary/ precautionary measures and discourse-based 
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6.6. Adaptation Framework: 
 
In recent times, the definition of port infrastructure is gradually incorporating soft 
issues such as policies and management practises in addition to physical assets 
(Taneja, 2013; Mutombo and Ölçer, 2016a). A holistic approach to climate adaptation 
across technology, policy and management is, therefore, necessary in order to 




Although it still requires improvement, South Africa has a comprehensive policy 
document. This document has been informed by international institutions on climate 
change, resulting in policies to be on par with international standards. Meanwhile, 
port-sector-specific policies should be considered based on the following: 
 
9 Need to factor climate change in all port strategic and operational plans. 
9 It is worth noting that policy making comes as a response to social 
problems and needs. An input-output policy model is therefore necessary 
for climate change adaptation. Such a model will assist in differentiating 
between policy demands, policy decisions, policy outputs and policy 
outcomes. It will further allow measurement of the effectiveness of policy 
intervention. Ultimately, it is critical to assess, on a long term regular basis 
(perhaps every 10years,) the economic value resulting from a policy 
intervention. This will inform whether the policy is still relevant or whether 
there is a need for change. As a general rule, having some level of 
regulation increases port efficiency (Clark, Dollar, & Micco, 2004), 
reducing shipping costs. However, an excess of regulations could create 
an adverse effect, prompting the need for a threshold. 
9  Given that management decisions are based on perceptions, there is a 
strong need to assign higher value and focus to intangible initiatives such 
as climate education, capacity building and sustainability. It is the 
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intangibles that drive tangible outcomes. A good practical example would 
be to introduce climate education programme in schools. 
9 Different regulations for different transport mode is a problem in building 
resilience. Considering the need to develop broader Ports-Cities web 
networks, cross-sectorial regulations may be essential in order to create 
mechanisms that could facilitate and incentivise resilience in the port 
logistic system. A key policy recommendation would be for government to 





A port’s ability to adapt to climate change is strongly influenced by the management 
systems in place, and how employees perform within those systems. The DDOP 
provides the Transnet National Port Authority with an opportunity for re-branding by 
building a new reputation. This is achieved by focussing on the concept of resilience 
and sustainability as additional values that will help build stakeholders confidence. It 
is, however, necessary to note that while new technologies and management 
processes have been implemented in various areas, human capacity to coordinate 
these highly effective world class technologies and processes remains a challenge. 
To illustrate, the organization experiences many delays in the payment and 
procurement process despite the implementation of integrated technological software. 
This has the potential to delay management actions, thereby reducing resilience 
capacity. Ideally, every function in the organisation structure should be aligned in such 
a way that maximum resilience is created within the organization. Most importantly, 
People are the key to success in any business; therefore, special focus on employees’ 
resilience through climate education should remain a top priority for management, 
with a view to promoting a resilience culture in the organisation. 
 
As a very large organisation, Transnet’s bureaucratic structure has proved to exhibit 
stiffness. Although bureaucracy has proved to be the best form of management 
control in large organisations, it creates time-consuming and frustrating processes 
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and reduces an organisation ability to respond. Flexibility and agility should be 
promoted in all processes in order to build and maintain resilience. Port specific 
management actions should be developed by taking into consideration the persistent 
trade-off in the industry between cost and sustainability, which has unfortunately 
resulted in a situation whereby the urgent (often the tangibles) drives out the important 
(often the intangibles). This necessitates the need to revise project appraisal models 
by including intangible values such as resilience and sustainability. Additionally, very 
often, as ports naturally present substantial multiplier effects, the wider economic 
benefit of any investment could be seriously under-estimated (Lakshmanan, 2008). 
The need for new inclusive management models for project appraisal is becoming 
increasingly apparent. This will, in turn, call for a new incentive model for top 
management, placing strong focus on intangible values. 
 
6.6.2.1. Management response to black swan events: 
 
Presently, given the increased frequency of extreme events, developing procedures 
and ensuring compliance is not sufficient to manage an activity, avoid accidents and 
perform operations as planned (Aven, 2013). Surprises always occur, leading to 
compliance failure. A need to look beyond compliance and acknowledge the 
performance, risk and knowledge “dynamics” is, therefore, necessary. This requires 
advanced judgements and actions that need consideration beyond procedures. 
Tailored multi-stakeholder crisis management, business continuity management and 
risk management are required when dealing with Black Swan events. These 
requirements are underpinned by leadership, management and staff effectiveness. A 
multi-stakeholder approach is recommended for a black swan in order to understand 
the joint risk landscape, causes of risks, and shared accountability for controls. Critical 
activities should be reviewed regularly to ensure resilience and response agility.  
 
In many ports, contracting insurance against Black Swan events is regarded as an 
effective risk transfer strategy by port management. However, in reality, insurance 
should never constitute a comprehensive risk treatment (Fiksel, Goodman & Hecht, 
2014) due to its limitations in scale of coverage and its slow payment process. A need 
to enhance insurance solutions to deal with potential Black Swans in ports is, 
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therefore, becoming increasingly necessary. This shall be achieved by including 
broader policy wording and rapid settlement of claims. This solution shall compliment 
a well-structured risk management and risk-financing strategy that can allow 
contingency planning for cash flow after a Black Swan event. However, 
implementations of such insurance products at reasonable costs may necessitate 
public policy measures to overcome possible market imperfections. Alternatively, the 




Technology has brought sophistication to ports and sophistication is a complex 
process of interaction which, unfortunately, is likely to exhibit high climate sensitivity 
(Mileski, Galvão & Zharen, 2016). It is essential to build appropriate technical 
capability to undertake climate risk assessments, and to assist with implementing 
adaptation options, and ongoing monitoring. In addition, given the cross-border nature 
of climate impacts, large scale collaboration with relevant partners is mandatory 
during the port development stage in order to achieve resilience of physical 
infrastructure. 
In earlier chapters, the global lack of reliable climate data was indicated to be the 
cause of the current management’s reluctance to allocate funding to adaptation of 
ports. Localised climate models taking into account specific port conditions should be 
developed and recording of data should be encouraged for all the relevant climate 
variables. This will provide ammunition when lobbying for funding and it will provide 
grounds for further collaborative research activities with partners in the logistics chain 
and city infrastructure managers. 
 
The inconsistency between organisational planning timeframes (5 to 20 years) and 
climate projections of 30 to 90 years has led to delayed action by decision makers. 
This is attributed to the fact that consideration of climate impacts may only materialise 
at a very late stage of the port infrastructure life, well beyond the short timeframe 
planning proposed during port development, resulting in unfair distribution of Risk – 




On the other hand, given that sea-based infrastructure was found to be relatively more 
vulnerable to climate events than land-based infrastructure, new thinking with respect 
to port planning, design and configuration should be triggered for new ports. For 
existing ports, this should steer the way climate adaptation investments are allocated. 
There are principally three strategies to building physical infrastructure resilience to 
climate change: Retreat, Accommodate and Protect. Site-specific investigations are 
required in order to select best practice. As a general rule, a need to review 
infrastructure design codes to include climate variables and to improve construction 
techniques is essential in order to guarantee resilience of infrastructure. A 
preventative maintenance philosophy for all port assets shall ultimately be promoted 
to ensure good functionality and to maintain resilience. 
 
6.7. Risk Perception Vs Real Risk: 
 
Risk is assessed either methodically or through perception. A methodical risk 
assessment is conducted using technical parameters and probabilistic number, while 
perception relies on psychological, social and cultural context (Schmidt, 2004). The 
way we react to risk is largely influenced by individual and social characteristics which 
form our perceptions towards the risk. Scientific or methodical assessment of risk 
requires an acceptable amount of historical data in order to model risk scenarios and 
draw conclusions. Moreover, in the context of climate change adaptation in ports, 
uncertainty makes it difficult to assess risk through an accurate probability based 
model. Under such conditions, methodology based on risk perception is regarded as 





There is a number of models for evaluating and understanding risk perception and 
the Cultural Theory is one of the prominent technique. This theory specifies that there 
are four types of people (egalitarian, individualistic, hierarchic, and fatalistic) who will 
focus differently on hazards (Sjoberg and Engelbert, 2010; Slovic, 1987). Additionally, 
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the Psychometric paradigm reveals the following main qualitative risk perception 
modulators: Voluntariness, Controllability, Delay effect, Natural Vs Manmade, 
Familiarity and Habituation, Benefit and Risk-Benefit Distribution and the Role of 
Media (Schmidt, 2004; Rogers, 1997). These modulators will be discussed in the 
context of climate change risk to Ports in the South Africa in general, with special 
focus on the new Durban Dig Out Port (DDOP). 
 
x Voluntariness: 
In the context of climate change in ports, assessing risk ideally requires a long 
term planning horizon which often goes far beyond the average career life of 
the assessor or manager. Very often, the drive towards short term gain and 
recognition leads to misalignment between actual planning horizon under 
consideration and the ideal long term horizon required for climate change. On 
the other hand, while a bureaucratic structure has proven to be the best form 
of management in large organisation and parastatals like Transnet (which 
owns all ports in South Africa), it was found that this form of management, 
which is often characterised by cumbersome processes, policies and 
procedures, drastically reduces employee innovation and creativity. In such 
an environment, a culture of blame is likely to surface, leading to a tendency 
to suppress challenging tasks and cover up mistakes. There is a greater 
chance that, under such circumstances, identification of climate risks may be 
biased and tactfully selected in favour of manageable and controllable 
scenarios. Risk assessment may also tend to be voluntarily attenuated in order 
to maintain happy talks among colleagues, especially given the long term 
impact which falls beyond the average career life of the assessor or manager. 
 
x Controllability: 
Schimdt (2004) warned about the unrealistic optimism and the illusion of 
control often experienced by people when faced with a difficult and sometimes 
uncontrollable situation. In South African ports, given that climate change is 
still perceived to be a very complex and difficult to apprehend process, 
management may tend to adopt a head-in-the-sand approach. However, this 
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approach seems increasingly unlikely in view of the large scale climate change 
awareness of the past decade. As a result, unrealistic optimism and illusion of 
control may easily occur, compromising evaluations of climate risks in ports. 
 
x Delay effect: 
The current slow response to climate change in ports may easily be attributed 
to the delay effect. In competing for resources, management often opts for 
short term initiatives that generate visible and immediate gains rather than 
addressing long term impacts which are difficult to assess. In South Africa, 
following interviews with experts, the general prevailing perception of climate 
risks appears negligible, and this is principally attributed to persistent pockets 
of climate-scepticism and the invisibility of climate impacts on ports in the short 
term. 
 
x Natural vs Manmade: 
The concept of responsibility has a bearing on the way risk is perceived. 
Human produced risks are often associated with a sense of denial from those 
responsible for the risks. Meanwhile, potential victims of these risks develop a 
sense of frustration, betrayal, and lack of consideration towards those 
responsible for the risks. As a result, Human produced risks are not easily 
accepted. This tendency was also revealed from the global survey results 
which clearly indicate an attitude of proactivity from developed countries 
towards climate adaptation while indications from developing countries 
suggest a nothing-to-do-with-us attitude, a trend also reflecting in the survey 
of port experts in South Africa. 
 
x Familiarity and Habituation: 
One of the major setbacks in adapting ports to climate change is the fact that 
climate risk is latent in society, thereby creating a sense of familiarity and 
habituation. As a result, such permanent risk with delayed effects tends to be 
attenuated, even though technical risk may suggest otherwise. Adding to this 
is the copious amount of paper works required on daily basis in a bureaucratic 
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structure, which may easily turn risk identification into a box-ticking exercise 
due to psychological fatigue.  
Paradoxically, uncertainty surrounding climate change also plays a major role 
in risk perception. Uncertainty generally reduces familiarity, thereby increasing 
a sense of discomfort, anxiety and fear toward climate risks.  
 
x Benefit and Risk-Benefit Distribution: 
Unfortunately, due to the long term effect of climate change, risks in ports are 
evaluated by one group while the benefits will be reaped by the next 
generation. This unfair distribution of risk-benefit may significantly affect the 
way the risk is perceived. Current climate risk assessment groups may tend 
to ignore the severity of the risk given that related benefits will be gained by 
others. Fuelling this is the short term horizon (one year) used for performance 
measurement and incentive calculations. Finally, as much as risk perception 
is subjective, so are benefits. Perceived benefits emanating from climate risks 
assessment in ports may also be influenced by many other factors. 
 
x The role of the Media: 
In the modern world, the media plays an increasingly major role in people’s 
lives; it significantly influences perceptions. In view of the highly mediatised 
nature of climate awareness, some form of anxiety and fear is likely to be 
created in the general population. This influences climate risk perceptions 
through a fundamental movement away from the logic of acquiring social 
goods towards the logic of avoiding social bads (Beck, 2004). 
 
6.7.2. Conclusion on Risk Perceptions Vs Real Risk: 
 
Evaluating risk perception from the perspective of its direct effect on ports is limiting. 
A broader evaluation context is required in order to factor and understand indirect 
effects that influence perceptions. Despite the significant role of media in raising 
climate awareness, the general perception is likely to be that climate risk in South 
African ports is attenuated due to the monopolistic position and bureaucratic structure 
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of ports, and the delay effect and unfair distribution of risk-benefits. Additionally, early 
indication from expert interviews suggests that the persisting pocket of climate 
scepticism is still visible in South Africa and may further exacerbate the situation. As 
a result, climate risk evaluations conducted with various port experts using the 
DELPHI technique should take cognisance of the limitations associated with risk-
perception research.  
 
On the other hand, probabilistic based models to determine real risk have shown 
limitations due to uncertainty in climate projections and also due to the fact that 
interdependency dynamics between the various climate variables remain unknown. 
This presents difficulties in assessing the extent of disparity between real and 
perceived risks. Nevertheless, understanding public perceptions (which are 
significantly influenced by an organisation’s culture) about climate risks will assist in 
improving communication between the public and managements or policy makers 
(Slovic, Fischhoff, Lichtenstein, 1982); thereby directing education efforts and 




















This paper attempts to classify ports in relation to climate risk exposure. At present, 
the literature review suggests that there is no provision in the industry for a port wide 
approach or methodology for assessing and incorporating climate risks. Incorporating 
of these issues is undertaken at individual level through pockets of fragmented 
initiatives, which are often incoherent and ineffective. However, there appears to be 
adequate scientific and technical data available in the industry to allow design 
engineers to assess climate risks to port infrastructure, and to incorporate adaptation 
measures into the design of port development. Moreover, it remains the primary 
responsibility of design engineers to properly evaluate and incorporate these risks into 
design parameters; leaving such critical decision on an individual prerogative. 
 
Furthermore, literature suggests that, despite awareness raised with respect to risks 
posed by climate change on port infrastructure, there is a persistent trend toward 
adaptation decisions that are driven by affordability rather than risk. This could easily 
be attributed to a lack of reliable tools that serve to sensitise, quantify and highlight 
the cost of risk which in many cases is far greater than the cost of adaptation. 
Paradoxically, in modern risk society where there is a rising tide of cultural anxiety 
towards risk, Mythen (2004) warned of the danger of becoming less concerned with 
“social goods” and more concerned with “social bads”.  
 
Nonetheless, it is largely recognised that port infrastructure adaptation to climate 
change is compelling. Becker et al. (2011) concluded that planning for climate change 
demands a rethinking of a variety of paradigms: Impacts will occur beyond 
infrastructure design life and beyond the length of the average port administrator’s 
career. Further to this, The World Association for Waterborne Transport Infrastructure 
established portfolio management of adaptation and mitigation options as useful in 




In light of the above, classifying ports in relation to climate risks is the right step in the 
right direction. It will provide a high level indication of the climate risks associated with 
a particular port, leading to a significant improvement in decision making in respect to 




A survey was conducted with a view to gathering opinions of port experts on the risks 
and vulnerabilities associated with 48 standard climate narrative scenarios (Figure 
23) at their respective ports. Based on evaluation and trends, ports were then 
classified. Additionally, climate variables were analysed and re-defined within the port 
context. Moreover, given that this survey relied principally on the perception of experts 
in order to draw conclusions, inspiration for data processing and interpretation was 
drawn from the Delphi theory. Meanwhile, contrary to Delphi theory, this process for 
port taxonomy does not undergo iteration due to practicality constraint. 
 
 




7.3. Survey questionnaire: 
 
Risk in the context of this research is defined as the probability of affecting smooth 
running of port logistic services (movement of goods) as a result of a climate scenario. 
The survey questionnaire was titled “Port Infrastructure: Climate risk and Vulnerability 
Assessment” and was divided into three (3) principal parts: Risk evaluation, 
Evaluation of alternative (Redundancy) and Resilience measurement. It was 
developed with a view to assessing the perceived risk associated with each of the 48 
scenarios in ports from expert’ perspectives. In terms of the inspiration drawn from 
the Delphi technique, when an acceptable level of consensus is achieved, such 
perceived risk is considered as close to the truth; therefore, it is considered highly 
probable to be a real risk. 
 
The survey questionnaire was designed in such a way that each identified high risk 
scenario triggers a subsequent drop down question. This sub-question aims at 
assessing vulnerability by evaluating the existing capacity to deal with the identified 
risk. High risk scenarios were also subjected to further scrutiny by evaluating whether 
the port has provisions for any redundancy in the system in order to maintain 
seamless port logistic services when the identified high risk scenario occurs.   
 
In respect to the first part of the questionnaire relating to “RISK EVALUATION”, closed 
questions were used and answers were selected among five given options: “Not 
Relevant”, “Low Risk”, “Medium Risk”, “High Risk” and “I don’t know”. The second 
part titled “EVALUATION OF ALTERNATIVES / REDUNDANCY” focuses solely on 
high risk scenarios from part 1. High risk scenarios responses from part 1 triggered 
an additional drop down question. The additional question served to evaluate whether 
there was any provision for redundancy / alternatives. Respondents were, therefore, 
provided with two options: “Yes” or “No”. On the third part of the survey titled 
“RESILIENCE MEASUREMENT”, high risk scenarios from part 1 were assessed to 
evaluate the approximate time required to repair and bring the infrastructure to its 
original functionality. Seven options were provided for selection: “Less than 1 month”, 
“1 to 2months”, “2 to 3months”, “3 to 4months”, “4 to 5months”, “5 to 6months” and 
“greater than 6months”. In addition, at the end of the survey, an optional open 
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question was used to seek respondents’ general comments on the survey but a very 
poor participation of less than 5% was recorded in this respect.  
The survey questionnaire layout is illustrated in Figure 24. 
 
 













7.4. Survey Participation: 
 
As the researcher is a member of PIANC, the survey was primarily disseminated via 
a link on surveygizmo to all PIANC members. The survey opened on 11th May 2015 
and closed on 29th July 2015. Given that the survey was conducted online and 
disseminated to PIANC members via its secretariat office, it is impossible to determine 
with accuracy the actual response rate. Nevertheless, according to survey gizmo’s 
online record, from a total of 115 potential participants who had at least clicked on the 
survey link, 69 responses were received, of which 50 were valid, representing a virtual 
response rate of 43.5%. In terms of the Delphi theory, this large participation of 
experts is considered to be highly favourable for the integrity and reliability of results. 
Table 20 provides details of the survey participants, and, in terms of geographical 
location, the participation distribution was fairly equitable and satisfactory as shown 
in Figure 25. 
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7.5. Survey Results: Data processing and interpretation: 
 
In terms of the first part of the survey “Risk Evaluation”, a Likert-scale from 0 to 3 was 
introduced to facilitate data processing with 0, 1, 2 and 3 representing respectively 
“Not relevant”, “Low”, “Medium” and “High risk”. In order to ensure fair representation 
of results, all “I don’t know” responses (represented in red in Table 2) were omitted 
from the scale and disregarded. This practise assisted in improving the accuracy of 
results during data processing and it also led to different response rates for the 
different scenario questions. 
 
For each scenario, using the Likert-scale, mean, standard deviation and degree of 
consensus for response data could then be calculated as follows: 
Equation 4: 
Degree of Consensus (%) = 1 - SN (with SN < 1) 
 
Standard deviation (SN) is a measure of disparity in responses from participants for 
each scenario. The greater the standard deviation, the larger the difference in 
sentiments with respect to climate risk for a specific scenario. Consensus is defined 
as a group solidarity in sentiment. The negative correlation between standard 
deviation and consensus has led to the development of the formula shown as 
Equation 4 
 
It is worth noting that the extent to which a port is affected by climate change is 
dependent on whether the port is exposed or sheltered and its location (Mutombo and 
Olcer, 2016a). As such, some ports may not perceive climate change as a pressing 
matter, while other ports may feel directly threatened by this situation, resulting in 
different levels of response among the ports worldwide. Therefore, consensus in the 
context of this survey could have been achieved under any of the 3 possible 
hypotheses: 
 
x Corresponding ports used by participants in the survey share similar 




Moreover, survey results revealed that corresponding ports present major 
differences in their particularities since they represent 29 different countries 
over 5 continents (Figure 25). This first hypothesis is therefore proved to be 
incorrect.  
 
x Predictions used for this survey are either over or under estimated:  
Based on Table 21, results are uniformly spread and reflect no indication of 
polarisation of data, suggesting that the climate narrative is realistic and 
within a reasonable range. This second hypothesis is, therefore, incorrect.  
 
x Majority of corresponding ports have similar level of preparation to the 
relevant climate scenario:  
Given the arguments provided in respect to the two previous hypotheses, 
this remaining hypothesis is the most probable. Moreover, level of 
preparation is achieved either by adaptation (human actions) or naturally 
since ports may already present a particular natural configuration that 















0 1 2 3 Excluded
Scenario
1 4 16 15 11 4 46 1,72 0,92 7,54%
2 12 12 10 12 4 46 1,48 1,14 -13,71%
3 5 22 11 6 6 44 1,41 0,86 13,88%
4 4 15 17 7 6 43 1,63 0,86 13,67%
5 1 14 10 19 4 44 2,07 0,91 8,55%
6 1 11 13 20 4 45 2,16 0,87 13,19%
7 5 12 13 7 12 37 1,59 0,94 5,68%
8 6 12 18 6 7 42 1,57 0,90 9,65%
9 5 17 9 4 3 35 1,34 0,86 14,00%
10 8 13 7 7 2 35 1,37 1,04 -4,43%
11 10 22 2 1 1 35 0,83 0,65 35%
12 5 16 7 4 3 32 1,31 0,88 11,83%
13 2 10 9 13 3 34 1,97 0,95 4,56%
14 2 10 9 13 3 34 1,97 0,95 4,56%
15 8 12 6 6 5 32 1,31 1,04 -4,40%
16 7 18 6 3 3 34 1,15 0,84 15,52%
17 3 12 13 6 0 34 1,65 0,87 12,95%
18 8 10 6 9 0 33 1,48 1,13 -13,14%
19 9 15 4 2 4 30 0,97 0,84 16,40%
20 6 13 12 0 3 31 1,19 0,74 26,30%
21 3 8 8 13 2 32 1,97 1,02 -1,50%
22 3 8 12 9 2 32 1,84 0,94 6,09%
23 5 13 8 4 4 30 1,37 0,91 8,77%
24 12 13 6 1 1 32 0,88 0,82 18,03%
25 8 13 7 3 0 31 1,16 0,92 8,08%
26 9 9 6 8 0 32 1,41 1,14 -14,18%
27 9 15 6 0 1 30 0,90 0,70 30,00%
28 5 19 5 2 1 31 1,13 0,75 24,90%
29 8 14 5 4 1 31 1,16 0,95 4,63%
30 3 17 4 7 1 31 1,48 0,95 5,40%
31 11 15 2 1 3 29 0,76 0,73 27,34%
32 12 12 8 0 0 32 0,88 0,78 21,94%
33 7 14 8 3 0 32 1,22 0,89 10,79%
34 8 11 5 8 0 32 1,41 1,11 -11,41%
35 7 18 5 1 1 31 1,00 0,72 28,16%
36 7 14 6 4 1 31 1,23 0,94 5,95%
37 12 11 5 3 1 31 0,97 0,97 3,33%
38 10 11 6 3 1 30 1,07 0,96 3,62%
39 12 12 3 2 3 29 0,83 0,87 12,63%
40 10 11 7 1 2 29 0,97 0,85 14,97%
41 14 9 4 2 2 29 0,79 0,92 7,60%
42 11 7 4 6 2 28 1,18 1,17 -16,66%
43 13 10 4 1 3 28 0,75 0,83 17,08%
44 11 11 3 2 3 27 0,85 0,89 10,96%
45 14 9 4 2 2 29 0,79 0,92 7,60%
46 12 10 4 3 2 29 0,93 0,98 1,98%
47 18 7 2 1 3 28 0,50 0,78 22,08%




















7.6. Criteria for classification of ports in relation to climate risks: 
 
Classification of ports in relation to climate risk takes into consideration a number of 
criteria such as goods handling, size of port, port configuration, management model, 
service life, and geographical location. 
 
7.6.1. Goods handling: 
 
Missions and functions of ports differ considerably depending on the type of cargo 
they handle and the way the cargo is handled. Some ports, commonly known as 
mariners, do not handle any cargo but serve to facilitate tourism. Moreover, a majority 
of ports provide a wide range of cargo handling and warehousing services. Depending 
on the particularity of the services provided, climate change risks will be very different 
from port to port. Unfortunately, no visible trend was observed from the survey results 
with respect to the classification of port climate risk in relation to goods handling.  
 
7.6.2. Size of port: 
 
Driven by economies of scale, most ports have embarked on major capital investment 
programmes in order to increase their capacities and meet growing market demand. 
Most likely, such ports with sophisticated infrastructure and equipment are more 
sensitive to climate variations than smaller ports. However, based on the survey 
results, there was no indication of a trend that could lead to the classification of climate 
risk in relation to port size.  
 
7.6.3. Port configuration: 
 
Configuration plays a significant role in the way a port is affected by climate change. 
However, based on the survey results, there was no indication of a trend that could 
lead to the classification of climate risk in relation to port configuration. 
 




As a way to guarantee sustainable development, there is a strong drive to encourage 
private investments in ports. This is necessary to promote competition and foster 
transparency and non-discriminatory practices. Competitiveness leads to efficiency. 
Various types of port management models have therefore been developed to suit 
local circumstances. However, based on survey results, there was no observation of 
trends that could lead to the classification of climate risk in relation to the type of 
Management models in ports. 
 
7.6.5. Service life: 
 
Ageing infrastructure is more likely to be sensitive to climate change than newly built 
infrastructure. Given the increase in climate awareness over the past two decades, it 
is expected that new port infrastructure designs have already factored climate 
change, thereby presenting a relatively higher resilience than older ports. However, 
this trend was not visible in the survey results, making port classification in relation to 
service life impossible.  
 
7.6.6. Geographical location / Regional economy: 
 
Around the world, there are wide variations in the vulnerability of different coastal 
locations to climatic factors. Some ports, for instance, are located on low-lying coasts 
in areas where moderate rising sea levels and storm surges will cause major damage. 
Others are situated in areas where permafrost thaw will affect ground stability and 
rates of erosion. Increases in extreme weather events, such as storms, droughts and 
heat waves, are projected to occur across the globe, though changes in the frequency 
and intensity of these events will vary from place to place. An attempt to classify ports 
based on location has proven futile. This is due to the uniqueness of each port in 
terms of prevailing climate, geological condition, configuration and design which make 
classification difficult and highly complex. However, a clear climate risk trend was 
identified in relation to regional economy (wealth). This is reinforced by a study 
commissioned by the OECD revealing that ports in developing countries are projected 
to see large increases in the total value of assets exposed to climate change risk 
between 2005 and the 2070s (Nicholls etal. 2008). This, according to the study, is due 
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to a combination of growing levels of industrial development, weak planning 
regulations and high exposure to climate change. 
 
In light of this, further analysis is conducted below with respect to the elusive 
correlation between climate risk, consensus and country wealth and an attempt to 
draw a classification function was conducted accordingly as shown in Figures 26 and 
27. 
 
7.7. Taxonomy of Ports: 
 
In order to improve accuracy, regions like Asia, Australia and South America were 
omitted from the classification formulation analysis because their poor survey 
participation could bias results. Data from these regions will serve validation purpose 
to verify whether they fall within the port classification function range. At least four 
responses were required for a region to be included in the analysis. Africa, Europe 
and the USA had the highest participation and were regrouped as three distinctive 
regions. Figure 26 shows that ports in the African region are generally the most 
vulnerable to climate change, presenting 5 high risk scenarios (5, 6, 13, 14 and 21). 
In Europe, only two high risk scenarios were identified and no high risk scenarios were 
identified in the USA. All high risk scenarios identified relate to the impact of wind and 
wave variations on port infrastructure located towards sea side. 
 
These results can be attributed to many factors such as the level of preparedness of 
ports for climate change, level of understanding and interpretation of climate 
processes, data availability and resources. Moreover, given the inaccuracy of data 
projection versus actual data in developing countries as shown in Figure 27, there is 
a strong indication that the appropriateness of a climate projection model may be 
influenced by the prevailing high climate risk. This could be attributed to the fact that 
there is generally less impetus in the industry to allocate funding where uncertainty is 
looming. On the other hand, the general absence of high risk scenarios in the USA as 
shown in Figures 26 and 27 however proves that models are appropriate in the USA, 
as a result of mature climate education. This in turn creates confidence and certainty, 
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an environment that facilitates funding. This hypothesis will be further proven in this 











Figure 27: Model accuracy representation 
 
When plotting results from Table 21 on a graph, a linear straight line primary function 
(equation 1) between consensus (X) and climate score (Y) was visible as per Figure 
28.  
 
Equation 5: Primary function: 
Y= -1.7321 X + 1.5487. 
 
In Equation 5, consensus (X) represents group solidarity in sentiment and ranges from 
0% to 100%. Climate risk score (Y) is an indication of the level of preparedness and 
ranges from 0 to 3. The linear function suggests that high consensus naturally results 
in lower risk and, vice versa, low consensus leads to high risk. A simple explanation 
underlying this fact is that consensus may only be reached when there are similar 
views and understanding of the climatic processes. This is in turn achieved by sharing 
information consistently. Subsequently, when available information is clear, 
consistent and unambiguous, there is a greater chance that resources will be 
prioritised to the climate cause and adaptive actions will be taken; thereby reducing 
the level of risk.  
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In addition, a further investigation was explored. In place of regional consensus, 
regional GDP per capita in USD (X), known as a rough measurement of wealth, was 
used to analyse the correlation with climate score. A vague tendency of regression 
between Y and X was visibly noticed as shown in Figure 29 in red as per Equation 6. 
 
Equation 6: 
Regression: Y= -0.122 ln(x) + 1.4997 
 
While this rough regression might provide some indication in terms of port taxonomy, 
there are strong indications that wealth is not directly related to knowledge and 
actions. As such, it would be improper to conclude the validity of such a regression 
without factoring a missing element that could allow wealth and knowledge to be 
linked. A climate receptive culture is probably the crucial trigger element required to 
transform wealth into climate knowledge and action. Such a culture is, unfortunately, 
difficult to comprehend and quantify, and could, therefore, be the focus of an 
interesting future study, among many other future studies recommended in conclusion 
of this research. 
 
Moreover, given the elusive regression function, data from Asia, South America and 
Australia which was initially omitted based on poor participation, was plotted back on 
the graph. Surprisingly, Jeddah Islamic port in Saudia Arabia was identified as an 
outlier as shown in Figure 29. This could only be attributed to one or a combination of 
the following reasons: variability in measurement, uncommon port characteristics, 
experiment error and/or poor expert judgement. Additionally, this outlier could very 
likely be an indication of a prevailing cultural anxiety towards risk at the concerned 
port, whereby perceptions and motivations are strongly embedded towards the 
avoidance of “social bads” rather than the acquisition of “social goods”. Due to the 
strict scope limitation of this research, a further study to explore the cause of this 




Figure 28: Elusive function: Consensus Vs Risk score 
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7.8. Climate variable significance for seaports: 
 
The straight line function in Figure 28 amalgamates all climate variables (Sea Level 
rise, Ground Water, Temperature, Precipitation, Wave, Wind, Salinity and Humidity). 
Zooming into this function, eight different functions can be drawn for each climate 
variable as shown in Figure 30. 
 
 
Figure 30: Function per climate variable (Consensus Vs Risk) 
 
Given that the X and Y axes represent respectively the consensus and risk score, 
slope orientation on the above functions in Figure 30 also reinforces the hypothesis 
that more consensus naturally leads to lower risk. Slope is also an indication of the 
level of certainty and confidence in models for the specific climate variable. As such, 




The length of the projected function line on the X axis is a measure of disparity in 
consensus which also provides an indication of the influence of port local 
characteristics and configurations. As ports are unique, the impacts of a specific 
climate scenario will differ, based on local characteristics. For countries with a similar 
range of wealth, the risk score should be similar unless the ports differ substantially 
in their characteristics. The greater the disparity in consensus between countries with 
similar wealth range, the higher the influence of port characteristics with respect to 
the climate variable, hence the disparity. 
 
7.8.1. Sea level rise: 
 
The relatively horizontal function (slope close to zero) suggests that there is a high 
certainty and confidence in models as a result of excellent knowledge of sea level 
Rise processes. Moreover, the large disparity in consensus suggests that impact of 
sea level rise differs substantially from one port to another and is largely influenced 
by port local characteristics.  
 
7.8.2. Ground water: 
 
Given the trivial slope on the function line in Figure 30, there is an acceptable amount 
of confidence and certainty with respect to ground water variation. Additionally, the 
disparity in consensus suggests that local port characteristics and configurations have 




There is generally an acceptable amount of confidence and certainty with regard to 
the direct impact of temperature change on ports. Additionally, although there is a 
high disparity in consensus, temperature is globally marked as a low and negligible 
risk to ports (average risk score equal or lower than 1), not necessitating any port 






Based on figure 30, the steeper slope suggests that low confidence level and high 
uncertainty with respect to precipitation models are a source of concern. Moreover, 
the disparity in consensus on precipitation graph is less pronounced, suggesting that 
local port characteristics have a lesser influence on precipitation impacts on ports. 
More education in respect to precipitation should be emphasised to better understand 




Given the nature of the wave graph on Figure 30, there is a very high uncertainty and 
low confidence in wave models. Additionally, the high disparity in consensus, which 
suggests a strong influence of port local characteristics on wave impacts, creates 
further complexity, necessitating further research and education in order to better 




The slope on the function in Figure 30 reflects a low confidence and a high uncertainty 
in wind models. Moreover, the disparity in consensus on wind graph is less 
pronounced; suggesting that local port characteristics and configurations have a 
relatively lesser influence on wind impacts on ports. Moreover, the high uncertainty 
suggests the need for more education on wind processes in order to establish 




Although the research revealed that salinity is globally identified as low risk (average 
score is approximately 1), it presents the highest ambiguity with respect to its 
perceived impact on ports. This is the result of its large disparity in consensus and 
risk score which suggest a higher level of uncertainty (and lowest confidence) in 
models as shown in Figure 30. Additionally, the high disparity in consensus, which 
suggests a strong influence of port local characteristics, creates further complexity. 
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Such complexity may be largely attributed to the various type of structures in ports 
(steel or concrete) and it may not necessitate any form of urgency since salinity is 




Humidity presents a similar profile to salinity. Although it has high uncertainty, its 
average risk is lower, thereby not necessitating any urgent port action in the medium 
term. 
 
7.9. Summary of Major Findings: 
 
9 Survey results indicate that climate awareness has successfully been created 
in the industry in general. However, based on the risk evaluation, risk level 
differs substantially between rich and poor countries, suggesting different 
levels of preparedness and education. 
 
9 As a general observation, the large disparity in consensus on the different 
climate variables suggests that port characteristics and configurations may 
play a major role in mitigating the effects of climate change in ports.  
 
9 Given the rough trend on the level of preparedness between rich and poor 
countries, wealth measurement (GDP per capita) was identified as a possible 
element for further study in order to achieve port taxonomy. However, 
inclusion of missing elements such as culture is imperative in order to achieve 
reliable results. 
 
9 The vague tendency of a correlation between level of climate risk and country 
wealth indicates that adaptation in the industry is still largely driven by 
affordability, further suggesting that trade off still persists in industry. 
Additionally, given the prevailing condition of uncertainty in respect to climate 
information, there is a strong indication that there is less impetus in the 




9 Given the focus on perception in respect to climate risks, mature climate 
education is identified as critical to achieving effective adaptation. This 
sentiment has been progressively and cautiously recognised in the industry 
by alerting the criticality of individual adaptive capacity as a prerequisite for 




This attempt to develop taxonomy for ports based on climate risk exposure does not 
unveil any definite trends. There are however indications of an elusive tendency of 
dependence between perceived port climate risk and the associated country GDP per 
capita. Moreover, a climate receptive culture is probably the crucial trigger element 
required to transform wealth into climate knowledge and actions. Such culture is 
unfortunately very difficult to comprehend and quantify; and could therefore be the 
focus of an interesting future study. 
 
Whilst it appears that taxonomy for ports in respect to climate change is a strenuous 
task; different climate variables present distinct trends in ports. The significance of 
climate variables may, therefore, be drawn with some level of precision in the context 
of ports in general.  
 
Meanwhile, it was clearly found that mature climate education remains the foundation 
to building a resilient port society. Additionally, it was also found that port 
characteristics and configurations can play a major role in mitigating the impacts of 










CHAPTER 8 - CONCLUSIONS: 
 
In addition to greenhouse gas mitigation, adaptation is increasingly recognised as an 
equally important and complimentary response to climate change. Although traditional 
risk management methods are helpful for routine events, they are unfortunately 
inadequate in the context of climate change, which is characterised by rapidly 
changing threats and opportunities. Instead, managers need to strive for resilience, 
which is defined as the capacity to recover in the face of turbulent change.  
 
In line with Goal 13 targets of the United Nations Sustainable Development Goals, 
this research is the first step in the process of understanding the resilience of a large-
scale port system, and an attempt to study cyclical patterns of growth, collapse, and 
renewal of such resilience. Unfortunately, traditional modelling and forecasting tools 
are only valid in small regions of time and space where conditions remain relatively 
constant. Further research is needed to develop more robust, dynamic models of 
resilient systems, which will enable us to better prepare for extreme disruptions. 
 
Most importantly, risk-based approaches need to be extended to include Black Swans 
and to have a broader scope than the standard probabilistic analysis commonly seen 
in practise today. As an alternative for freight diversion in order to proactively respond 
to climate disruption, integration of ports located close to each other and collaboration 
with other sectors with a view to developing broader ports-cities resilience web 
networks are compelling. This advocates for the importance of “last mile” logistic 
distribution management in the context of general movement of goods rather than in 
its original meaning relating to humanitarian relief.  
 
Although there are reservations on the reliability of future climate projections, this 
research has successfully proved the applicability of this innovated qualitative 
methodology through a case study on the DDOP, South Africa. As Port infrastructure 
is defined as a complex interactive system, an adaptive approach based on linear risk 
assessment is inappropriate. Adaptations which consist of increasing resilience of 
high risk scenarios will require actions within three key strategies: Prepared, Adjust 
and Recovery. Such actions will require holistic implementation under any of the three 
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pillars of adaptations: Technology, Management, and Policy. While technology and 
management actions are adequate to generate individual port benefits, efforts to 
implement policy will tend to tackle issues of interdependency on a national scale but 
with a cascade effect into the port precinct. From this perspective, a measure of cross-
sectorial climate regulations may be necessary to ensure long term regional economic 
sustainability. A threshold needs to be determined given that excess regulations will 
potentially create the adverse effect. Moreover, given that some actions may have 
externalities elsewhere, the cross scale dynamics for effectively implementing the 3 
strategies may prove challenging unless a thorough analysis of all port stakeholders 
is well-understood. 
 
Most climate adaptation initiatives tend to focus more on “hard” measures, as they 
are more visible, evident and easily measurable in demonstrating performance than 
behavioural, institutional and policy measures. As a result, neglecting potentially 
critical “soft” measures often leads to inappropriate and costly adaptations actions. 
Given that management acts on the basis of perceptions, a significant contribution of 
this methodology lies in its attempt to align risk perceptions (using Delphi), 
management actions and policy processes in order to achieve successful climate 
adaptation in ports. The failure of existing tools that deal with uncertainty is due to 
their inability to represent a person’s state of knowledge and preferences. In the 
search for adaptation in ports, focussing on risk perception underlies a strong need to 
assign higher value to intangible initiatives such as climate education and capacity 
building, a reflection strengthened by the significant divergence in experts’ scores on 
a large number of scenarios in the case study. The methodology in this research 
advocates for a shift to soft adaptation which implies focussing on issues of culture, 
perceptions and education in addition to physical adaptation. It is often the intangibles 
that drive tangible outcomes. This calls for the promotion of a receptive workforce 
culture.  
 
Meanwhile, it was found from the proposed methodology that, like any other tool, there 
are some limitations in its application. These limitations are particularly the results of 
challenges associated with interdependencies, extreme weather events, and with the 
mono-directional focus of risk assessment. In most cases, ports have shown concern 
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about changes in intensity and frequency rather than progressive change in the 
measurement of variables. Moreover, the relevance of the proposed two stages 
methodology model lies principally at a high strategic level of decision making, in 
which climate change needs to be contextualised within ports. It shall be used as an 
effective tool for ensuring that the correct climate priorities are identified and existing 
tools may, thereafter, be used to ensure that relevant adaptation projects are 
implemented correctly. Recommendations to use this methodology in 
complementarity with existing policies and management tools are therefore 
emphasised.  
 
In addition, the lack of an accurate climate model for predictions substantially reduces 
the reliability of the methodology. To ensure effective adaptation, efforts should be 
made by ports to develop tailored climate models incorporating all climate variables. 
Unfortunately, the impacts of interdependency dynamics among various climate 
variables remain unknown at this stage and further research in this regard is 
encouraged at port level through advanced climate modelling. A system approach will 
reveal how climate variables are linked to each other and to the built environment, 
and how they can flourish in harmony. Furthermore, for effective and informed 
decision making that takes into account the broader context, the complex 
interrelationship between port logistic services and economic activity needs to be 
better understood. 
 
Paradoxically, the more technologically sophisticated a port gets, the more sensitive 
it will become to disruptions, thereby lowering its resilience. This is attributed to the 
fact that “rebound” and “adjust” strategies may prove to be relatively difficult to 
implement in a short time in a sophisticated complex system requiring high expertise. 
While technology has been proven to increase efficiency, it is also likely to exhibit high 
climate sensitivity. Balancing sophistication with resilience may prove to be a 
challenging task, depending on management’s appetite and preferences for risk. 
 
Given the large multiplier effect generated by port activities, risk conceptualisation 
and treatment frameworks should also be more inclusive at broader logistic scale by 
taking into consideration all possible stakeholders. Meanwhile, for a fair distribution of 
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Risk- Benefits, capital investment in ports should also incorporate assessment of 
cross-boundary spill over benefits; a tendency that leans towards the advocacy of 
state funding preferences in ports due to the substantial externalities generated. 
Alternatively, in the interest of the public, government incentives should at least be 
considered through regulatory mechanisms in order to support the private sector in 
such initiatives. 
 
It is important to understand that resilience is essentially a core value concept in the 
context of climate adaptation. It needs to be considered and fairly balanced against 
the concept of sustainability which is an equally essential core value. The world will 
continue to face challenges in the decades ahead. Despite commitment by world 
leaders to reduce emissions, climate will continue to change for decades before it 
reaches a state of equilibrium. Population will continue growing, with the majority living 
in cities, and the pressures on natural resources will continue to mount. Sustaining a 
growing economy will require transformative innovations in urban and port planning, 
industrial technology, and environmental policy. Partnership between business, 
government and citizens is critical to develop solutions. There is a general need for 
an attitude shift from cost focus to value focus. In the new ever changing turbulent 
environment, building of resilience is paramount to ensure a safe, secure, and 
prosperous future for ourselves and for future generations. It remains to be seen how 
the benefits of this critical and intangible value could be quantified and appropriately 
factored into routine port project appraisal.  
 
Furthermore, an attempt to develop taxonomy for ports based on climate risk 
exposure has proved difficult, although the research highlights some indications of an 
elusive tendency of dependence between perceived port climate risk and the 
associated country GDP per capita. This dependence between climate risk and GDP 
necessitate further research to apprehend the missing link and reach a rationale 
conclusion.  
 
Finally, the literature reveals that port focus has evolved from development and 
growth in the 1980s, to policy in the 1990s, to management and institutional reforms 
in the 2000s, and to technology and efficiency in the 2010s. Hopefully this research 
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FUTURE POSSIBLE RESEARCHES: 
 
1. Promote further research on interaction and interdependency between 
climate variables: 
In order to achieve accurate climate projections, a need for advanced climate 
models is necessary. This require a better understanding of the interaction and 
interdependency between the various climate variables. 
 
2. Developing a climate receptive culture? 
It was found in this research that climate receptive culture remains the key in 
achieving effective adaptation. Building a receptive culture may be very 
challenging and further research providing guidance in this respect may prove 
essential. 
 
3. Broader view to Climate Risk Assessment: How broad should it be?  
Taking into account the effect of interdependency, geographical span shall not 
have any limitations. Interdependency will always cross boundaries and there 
is therefore a need to study possible virtual boundaries in the context of port 
interdependency.  
 
4. The Delphi technique: What to do with divergence? 
The Delphi technique is accepted as a reliable forecasting tool based on 
consensus. The idea is underpinned by the fact that consensus is close to the 
truth. Unfortunately, as shown in this research, scenarios in divergence present 
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Part 5  Infrastructure and Technology Developments for the Maritime Sector
Chapter 13 Port Infrastructure: A Holistic Framework for 
Adaptation to Climate Change1
Kana Mutombo
1. An overview of the maritime industry
The world economy is becoming more and more interrelated as a result of increasing trade 
and the movement towards globalisation of production. This is mainly attributed to the fact 
that modern organisations tend to opt for the international fragmentation of their operations by 
allocating different stages of production to different countries, depending on the availability 
and cost of resources and the socio-political environment prevailing in the host country. This 
trend has resulted in increased trade between producers in one country and consumers in 
another country. Over the past half a century, there has been a steep increase in import and 
export activities as a result of the vertical specialisation of world trade. In addition, there have 
been major structural changes in the world economy as a result of globalisation. Raw materials 
sourced in one part of the world are often shipped over long distances to different locations 
for development into finished products (The World Bank, 2007). This ‘open market’ situation has 
intensified world trade competition, thereby forcing various role-players to continuously search 
for creative ways of maintaining a competitive advantage. 
Seaborne transportation is characterised by low energy consumption, resulting in a small 
carbon footprint. Its climate-friendly image makes it attractive for shippers of cargo (Bonnerjee 
et al., 2009) For instance, carbon dioxide (CO2) emissions per ton per kilometre for road and 
rail transportation respectively are about six times and twice the amount of CO2 emissions 
generated by seaborne transportation. Airborne transportation emits far more CO2 than rail 
transportation (UNFCCC, 2013). Global trade is largely seaborne (91%), with cargo ships 
carrying approximately 50 000 billion tonne-miles (UNFCCC, 2013). This means that all this trade 
has to move through ports to reach consumers (SAMSA, 2013). The development of maritime 
transportation infrastructure has therefore become a key enabler of and catalyst for the 
competitiveness and development of any regional economy.
As a result, developments taking place in international logistics, shipping technology, industry 
consolidation and environmental regulations (especially in respect of climate change) are 
driving major changes in the way ports will operate in the 21st century. As distances are 
shortened by globalisation, the economies of the world become more interdependent and 
the role of ports is gradually shifting from a set of complex infrastructures to a major player in 
national supply chain management. Technology, mergers and acquisitions in the shipping 
sector are changing the image of ports into that of an active, highly competitive and 
productive industry. In order to achieve better efficiency and gain a competitive advantage, 
public-private partnership models have been developed with some level of success in 
1 This chapter forms part of a PhD research project in progress at the World Maritime University in Malmö, Sweden. The PhD programme is 
sponsored by the South African Maritime Safety Authority (SAMSA) with the support of Transnet National Ports Authority. The research project is 
supervised by Dr Aykut Olcer (World Maritime University) and co-supervised by Prof Winston Shakantu (Nelson Mandela Metropolitan University).
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countries like Belgium, Singapore and The Netherlands. In South Africa, for instance, Transnet 
National Ports Authority has widely recognised the spin-off benefits of public-private partnerships 
and is currently in the process of exploring the implementation of such a model at selected 
ports (Durban, Ngqura, Richards Bay and Saldanha). Mergers, acquisitions and private sector 
involvement have substantially fuelled further competition between ports. Furthermore, players 
who could not come up with innovative strategies to cope with the change in the industry 
were progressively absorbed, while a few surviving players have strengthened their influence 
to become major players who change the way port services are bought and sold (The World 
Bank, 2007). 
Because of these developments and changes in the international and national ports sectors, South 
Africa is making major capital investments to meet long-term market demand (see Figure 1). For 
instance, the total number of containers handled nationally by Transnet National Ports Authority 
during the 2012/13 financial year was 4 million twenty-foot equivalent units (TEUs). The seven-
year forecast predicts 6.3 million TEUs and the 30-year forecast predicts 17 million TEUs.
Figure 1: An indicative figure of growth in container market demand in South Africa over the short and the long term.
There are currently 117 berths across the port system in South Africa. This is equivalent to  
30 400 m of berth length. Most berths are used for break bulk operations (41 berths), followed 
by dry bulk operations (21 berths), containers (20 berths) and liquid bulk operations  
(19 berths). Taking a future demand forecast into consideration, this capacity should be 
increased fourfold within the next 30 years to match demand requirements.
In South Africa, there are a number of common trends and issues that play a role in long-term 
port planning. 
Demand from emerging economies has led to an increase in international seaborne trade. 
In an effort to achieve a competitive advantage, players opt for greater specialisation, 
centralisation and economy of scale. As a result, there is increased competition for skills and 
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a subsequent slowdown of resources in developed economies. There is also an exponential 
increase in vessel and parcel sizes due to favourable economies of scale in cargo 
transportation. As a result of this, there has been an emergence of innovative regional and 
global port operational models, such as hub and spoke systems.   
The industry is experiencing a restructuring of logistics networks and an improvement in 
processes dealing with hinterland congestion and intermodal transportation links. Great 
efforts are being made towards moving cargo from road to rail as a more competitive and 
sustainable mode of transportation. Port reforms due to high costs and constraints on port 
infrastructure are a regular occurrence. This results from port governance restructuring and 
de-regulation, as well as the awarding of concessions to global terminal operators to improve 
the productivity, efficiency and profitability of ports. This trend has emerged through attempts 
to achieve advanced port operational systems and develop more efficient cargo-handling 
equipment. Transportation and the handling of alternative forms of energy, such as liquefied 
petroleum gas (LPG) and liquefied natural gas (LNG) are currently being investigated as 
major market opportunities. As such, the need for sustainability in infrastructure solutions, as 
well as increased stakeholder engagement on issues such as the carbon footprint, cleaner 
technologies, green and ecoports, health and safety, and end-user costs, has become a 
serious consideration.
The aforementioned trends and issues do not include the consideration of global climate 
change and its negative impact on shipping and infrastructure. While port infrastructure 
generally has a long lifespan, and is expected to remain in operation for many decades, 
it remains vulnerable to climate change. This is usually because seaports are located on 
coasts that are susceptible to a rise in sea level and storms, or in the mouths of rivers that are 
susceptible to flooding (Becker et al., 2011). The majority of coastal/port infrastructure was built 
on the assumption of a static climate (Stockholm Environment Institute, 2010). Although there is 
evidence that investment decisions are beginning to take potential climate change adaptation 
measures into account (PricewaterhouseCoopers, 2010), the extent to which climate change 
adaptation is considered across the entire sector still remains unclear. Much infrastructure built 
today will withstand changes in climatic conditions over the course of the century, but in most 
cases the changing climate was not considered in the design phase of port infrastructure 
development. A holistic model for adaptation is necessary to serve as a benchmark for future 
infrastructure planning, decision-making and investment strategies in the industry.
This chapter aims to raise the necessary awareness of the need for a three-tier port infrastructure 
adaptation framework in South Africa’s maritime industry. It attempts to recognise that 
climate change is not a constraint, but rather an essential underpinning of port infrastructure 
development in the maritime industry. The chapter is divided into sections that address climate 
change, the knowledge gaps and port response to climate change. It ends with a conclusion.
2. Climate change
Scientific evidence obtained through ice-core drilling indicates that the world’s temperature is 
gradually increasing. This was established through an examination of the correlation between 
the CO2 content trapped in ice masses and the temperature. Furthermore, records of 
temperatures and a rise in the sea level over the past century have confirmed that the earth is 
getting progressively warmer (Gore, 2006).
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Scientists attribute an increase in the concentration of greenhouse gases (CO2, methane, water 
vapour, nitrous oxide and ozone) to the current global warming phenomenon (Lisa et al., 2009). 
Meanwhile, the resolutions of the Intergovernmental Panel on Climate Change (IPCC), dated 
27 September 2013, concluded that the warming of the climate system is unequivocal and 
that, since the 1950s, many of the observed changes are unprecedented over decades to 
millennia. The IPCC further stated that human influence has been detected in the warming of 
the atmosphere and the oceans, the change in the water cycle, the reduction in snow and ice, 
the rise in the global mean sea level and changes in some climate extremes. It is extremely 
likely that human influence has been the dominant cause of the observed global warming 
since the mid-20th century (IPCC, 2013). 
Nevertheless, in spite of an increasing number of mixed tendencies of scepticism, denial, 
uncertainty and activism in the scientific domain (Vey, 2013; Foucart, 2014a; Foucart, 2014b), 
climate change has successfully entered public consciousness, thereby leading to a string of 
organised initiatives – the most significant of which are the following:
•	 The IPCC is a leading international body established by the United Nations Environment 
Programme (UNEP) and the World Meteorological Organisation in 1988 to provide the world 
with a clear scientific view on the current state of knowledge on climate change and its 
potential environmental and socio-economic impacts. 
•	 The United Nations Framework Convention on Climate Change (UNFCCC) is an 
international treaty joined by various countries in 1992 that aims to recognise that there is a 
problem, set goals, encourage developed countries to lead the way, direct new funds to 
climate change activities, monitor progress, strike a balance and take considerations on 
climate change adaptation into account.  
•	 The Kyoto Protocol (11 December 1997) is an international agreement that commits parties 
to set binding emission reduction targets. 
•	 The Bali Action Plan (December 2007) is a comprehensive process that aims to enable the 
full, effective and sustained implementation of the UNFCC through long-term cooperative 
action, now, up to and beyond 2012 (UNFCC, 2013).  
•	 The Cancun Agreements (2010), the United Nations Climate Change Conference in 
Durban (2011), The Doha Climate Gateway (2012) and the United Nations Climate Change 
Conference in Warsaw (2013) are all corresponding initiatives that seek to address the 
pressing demand to act against climate change.
These initiatives have recognised the need to act against climate change and have 
developed strategies aimed principally at reducing CO2 emissions. However, considering that 
a reduction in CO2 emissions will not immediately reverse current climate trends, a need for 
adaptation has gradually emerged. This reinforces the need to build climate resilience at ports 
and on ships in the context of the maritime supply chain industry.
2.1 Climate change indicators
The IPCC has holistically identified the following indicators of climate change (IPCC, 2013):  
•	 World oceans are warming.
•	 The mean global sea level is rising (see Figure 2). 
•	 The salinity of oceans is changing.
•	 There is an increased acidification of oceans. 
•	 There are more frequent warm days and nights, and fewer cold days and nights.
•	 There is a decrease in snow cover in most regions.
266
Part 5  Infrastructure and Technology Developments for the Maritime Sector
•	 Degrading permafrost in real extent and thickness has been observed over the past few 
decades. 
•	 There are large-scale precipitation changes.
•	 An increase in the number of heavy precipitation events has been experienced in different 
parts of the globe. 
•	 The Arctic sea ice is shrinking. 
•	 There are widespread glacier retreats.
•	 Changes in ice sheets in Greenland and Antarctica have been quite visible recently. 
•	 The average global temperature is rising.
•	 There is an increase in the earth’s surface humidity. 
These indicators will have a direct or indirect impact on any large-scale engineering projects 
that are designed to exhibit socio-economic benefits and last for decades into the future to 
some extent. 
To illustrate this impact, consider the following scenarios. Any submerged steelwork (or 
reinforced concrete) infrastructure in ports will react to an increased salinity or acidification 
of the water. An increase in the water level will increase wave overtopping on structures. The 
design of the stormwater networks of existing port infrastructure is based on most prevailing 
rainfall patterns on record. Increased rainfall could therefore lead to more flooding in the port 
as a result of the inability of existing networks to absorb the increased flow of stormwater. This 
situation may, in turn, create further cascade failures like damages to roads or power stations.
In addition, there is evidence that a complete melting of the ice of Greenland and Antarctica 
has the potential to raise the global sea level by approximately 60 m. This indicates how ports 
will be progressively affected by the continued melting of the ice. Furthermore, while the current 
cause of the rise in sea level is principally attributed to thermal expansion and ice melting at a 
ratio of 60:40, this is expected to shift and the ice-sheet disintegration will become the principal 
contributing factor for the rise in the sea level in the next decade. As a result of the complex 
interface between sea and atmospheric conditions, extreme weather events (for example, 
tornados) will also be generated with devastating impacts on ports.
Figure 2: The trend of the sea level rise from 1870 to 2009 (Farmer and Cook, 2013).
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2.2 Impact of climate change on port infrastructure
A study conducted by the Royal Melbourne Institute of Technology (RMIT) University (2013a) 
concluded that the following major climate variables would influence port infrastructure 
resilience: sea level, precipitation, wave conditions and temperature. The study argues that 
climate variables that would affect the long-term performance of the port infrastructure are a 
rise in sea level, the water table, temperature, rainfall/runoff, waves, wind, salinity and humidity. 
Historically, climate change was not deemed an important consideration in the design of 
port structures (RMIT University, 2013a) since most infrastructure was built on the assumption 
of a static climate. Furthermore, the impact of climate factors differs very much between 
geographical locations, and a climate change assessment would therefore require a more 
detailed analysis of the particular network. The need to factor climate change considerations 
into the planning stage is becoming increasingly imperative. This is because, under normal 
circumstances, the adaptation of existing infrastructure to increase its resilience costs more than 
factoring in adaptation strategies at an early stage during infrastructure development. Adapting 
features on existing infrastructure is a sensitive process and may require demolition or rebuilding 
to ensure that the structure is consistent. A holistic approach adopted by the RMIT University 
(2013b) summarises the most well-known and obvious components of port infrastructure on 
which climate change has a direct impact. These are berthing structure, protection barriers, 
port superstructures, channels and harbour basins, road infrastructure and rail infrastructure.
Visible impacts on berthing structures include damage and deterioration resulting from heavy 
storm activity, inundation and the shifting tidal and splash zone level. In many instances, ports 
have experienced a steady increase in their maintenance budgets as a result of an increasing 
maintenance cycle aimed at mitigating further damages and deterioration. It is anticipated 
that this increase in maintenance budgets will translate into an increase in port fees, which, in 
turn, will affect the cost of seaborne transportation.
Increased wave overtopping of protection barriers (see Plate 1) is occurring in many ports 
across the globe. Furthermore, there have been numerous occurrences of barrier material 
displacement and fracture, and the erosion of barriers as a result of the increasing forces 
exerted on these structures.
The most common impact of climate change on port infrastructure is the failure of foundations, 
the degradation of superstructure material, increased storm and flood damage and the 
failure of roofs and cladding. This is mainly attributed to extreme weather events that, in many 
instances, may not have been factored into the design process during the planning stage of 
the infrastructure development project.
Depending on geographical locations, most South African ports have experienced a gradual 
increase in annual dredging costs (as a share of total port maintenance costs) over the past 
decade as a result of the increased presence of sediments in channels and along berths. 
Furthermore, changes in water depth, water flow and the timing of seasonal high and low 
water have also contributed to the exacerbation of sediment inflow, thereby impacting on the 
maintenance regime cycle.
Road infrastructure is mainly affected by flooding as a result of the inability of the stormwater 
system to cope with excess rain. Major common failures on roads include embrittlement 
and the cracking of bitumen, potholes, the submergence of roads and, in some cases, the 
damage to road foundations as a result of prolonged drought and low rainfall.
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Rail infrastructure is mainly affected by flooding and a change in temperature. Major common 
failures includes the buckling of tracks, the submergence of low-lying rail tracks, and damage 
to signals, rail foundations and other railway installations.
The above direct climate change impacts on port infrastructure are not exhaustive. Through 
a proposed climate risk-based approach for assessing the impact of climate change on 
port infrastructure, additional direct impacts will be discovered as improved understanding of 
climate risks comes about. It is anticipated that a comprehensive risk-based approach will be 
used during the research to highlight all possible climate risks to port infrastructure with the goal 
of developing a holistic port infrastructure adaptation model to climate change.
Plate 1: Port of Port Elizabeth, South Africa, 2008: the result of an extreme weather event.
3. The knowledge gaps
Literature generally views the adequate supply of infrastructure as an essential activity for 
economic development and poverty reduction (National Planning Commission, 2011). In many 
instances, it is suggested that infrastructure development can play a major role in promoting 
growth and equity, and to help reduce poverty (PricewaterhouseCoopers, 2010; National 
Planning Commission, 2011). The meaning of infrastructure has shifted from one focusing on 
physical fixed assets to one embodying notions of softer types of infrastructure, such as systems, 
procedures, policy and knowledge (UN Habitat, 2011; Taneja, 2013).
Although an outright denial of global warming is progressively proving to be unviable, literature 
suggests that there is still the persistent power of lobbyists and special interest groups attempting 
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to stall climate adaptation policies. Despite this, there is an acknowledgement of the need 
for robust interventions to climate change. Physical port infrastructure is being altered to 
improve resilience and reduce vulnerability to climate change in some ports in developed 
countries (Dawson, 2012; EC, 2013), while opportunities and risks caused by climate change 
to port infrastructure are currently being addressed in ports in other developed countries (HM 
Government, 2011; EC, 2013). A need for conservative design specifications has already 
been emphasised through various studies. Adaptive change recommendations to support 
construction activities, land use planning and land protection have also been developed in the 
industry on a small scale (Lewsey et al., 2004).
However, initiatives in this regard have thus far been fragmented and poorly coordinated with 
industry process owners, thereby yielding insignificant outcomes (Natural England, 2009). In 
many instances, ports have opted for mitigation strategies (a quick fix) rather than adaptation. It 
is widely speculated that this is due to the perceived short-term cost-saving benefits associated 
with mitigation as opposed to the huge long-term investment required by adaptation strategies 
(Mills-Knapp et al., 2011). An additional reason attributed to this slow pace in decision-making 
on adaptation strategies is the uncertainty and controversial nature surrounding climate 
change issues.
Environmental engineer, Kristin Lemaster, argues that adaptation and short-term mitigation are 
two topics competing for resources (Mills-Knapp et al., 2011): mitigation often wins because the 
results are associated with saving money. Adaptation is also a more difficult issue to address 
since it involves planning on a long-term basis and the risks are not always easily identifiable. 
Becker et al. (2011) echo the fact that, while current operational challenges may make it 
difficult for individual companies to devote resources to this long-term issue, the implications of 
climate change impacts on many industries, including dredging, will be quite profound. 
Nevertheless, the extent to which a port is affected by climate change is dependent on 
whether the port is exposed or sheltered (Australian Government, 2012). As such, some ports 
may not perceive climate change as a pressing matter, while other ports may feel directly 
threatened by it. This results in different levels of response among ports worldwide.
3.1 Infrastructure adaptation models
Many authors present a strong case for incorporating risk management into adaptation 
initiatives models (HM Government, 2011; The Royal Academy of Engineering, 2011; Beckers 
et al., 2013; Chapman et al., 2013; O’har, 2013; RMIT University, 2013b). A study by the 
Organisation for Economic Cooperation and Development (OECD) ranked the top 10 port 
cities with high exposure and vulnerability to climate extremes as Miami, Greater New York, New 
Orleans, Osaka-Kobe, Tokyo, Amsterdam, Rotterdam, Nagoya, Tampa-St Petersburg and Virginia 
Beach (Nicholls et al., 2008). Various climate change initiatives have been implemented in 
these port cities, and countries like Australia, Canada, Japan, The Netherlands, the UK and the 
USA have taken the lead by passing infrastructure adaptation to climate change models into 
legislations (Hernan, 2009; HM Government, 2011; O’har, 2013). 
It is speculated that, since South African ports record a low-to-moderate vulnerability to climate 
change (when compared to the top 10 ranked ports), adaptation of port infrastructure is 
still perceived to be a lesser priority considering other pressing socio-economic challenges 
that require immediate short-term attention from stakeholders. However, although many 
developed countries with maritime activities have recognised the need for adaptation and 
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have implemented different strategies and adaptation models, these models are very shallow 
in that they often provide high-level directives and are very broad in that their scope covers the 
complete transportation infrastructure system (road, rail, airports, pipelines, etc.). These models 
often cover generic infrastructure adaptation guidelines, which encompass the following steps: 
identification of current and future context, identification of vulnerabilities and risks, an analysis 
and evaluation of risks and vulnerabilities, and an identification and assessment of adaptation 
options.
The subjective nature of the steps of the adaptation process mentioned above remains a bone 
of contention. This weakens the case for adaption and compromises the ability to secure the 
necessary funding to implement adaptive initiatives. It is also fuelled by a vague understanding 
of risk: one port could be prepared to live with some amount of ‘acceptable’ climate change 
risks, while this may not necessarily be acceptable to another port in similar conditions. 
More importantly, although it is practically impossible to eradicate subjectivity in the port 
infrastructure adaptation process altogether, it is possible to minimise subjectivity substantially by 
using complex non-linear tools in assessing risks. 
4. Port response to climate change
Ports not only play a role in the chain of transportation for interchange. They function as self-
sustaining industries linked to domestic and international trade (Gaur, 2006). They often play 
major contributing roles in local, regional and national economies. The nature of port activities 
is such that they generate substantial multiplier effects. Climate change risks to ports therefore 
present devastating threats to these economies as ports act as earners of foreign exchange, 
not only in the form of transhipment or hub ports, but as part of national supply chain 
management through their provision of logistics services to the industry. 
Responding to climate change requires two kinds of action (HM Government, 2011): 
•	 Mitigation: Seeking to reduce the concentration of greenhouse gases 
•	 Adaptation: Seeking to create a climate change resilience environment
At port level, mitigation actions cannot be controlled entirely. Although ports should be 
encouraged to develop mitigation policies, the effect of such policies on the reduction of 
greenhouse gas emissions will be insignificant, particularly considering the broader nature and 
complexity of greenhouse gas-emitting industries that fall outside port-controlled environments. 
Effective mitigation strategies ideally require a worldwide approach by intergovernmental 
agencies with enough power and authority to enforce compliance. Mitigation, as a response to 
climate change, is therefore omitted from this research. 
Adaptation, however, seeks to lower the risks brought about by the consequences of climate 
change (Fisk, 2014). Schipper and Burton (2009) argue the need of adaptation while stating 
that adaptation used to be largely associated with Darwin’s theory of evolution and the process 
of natural selection, which is mainly embedded in the ‘survival of the fittest’ principle. Evidence 
suggests that climate change is a human-induced process rather than a natural process 
(Bonnerjee et al., 2009). Human counteractions are therefore required to mitigate further 
damage and build resilience. Schipper and Burton (2009) further recognise the increasing need 
to estimate the impact of climate change for two reasons: to provide a basis for assessing 
the overall severity of the problem and to provide a benchmark (the ‘do-nothing’ option) for 
evaluating the pros and cons of potential response strategies.
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4.1 The way forward: a risk management approach for port infrastructure 
adaptation to climate change 
Taneja (2013) defines port infrastructure as a system that includes physical elements (such as 
the breakwater, access channel, berths, equipment, and road and rail connections) in addition 
to the operating procedures, management practices and development policies that interact 
with societal demand and the physical world to facilitate its function. The potential impacts of 
each climate change indicator need to be assessed through sensitivity and risk analyses to 
identify critical thresholds and quantify risks and threats that may require a response. Thresholds 
for damaging impacts will, in fact, be raised by adaptation (Schipper and Burton, 2009).
As the sea level increases, the probability of the overtopping of coastal structures increases 
(Dawson, 2012). The IPCC (2013) predicts a rise in sea level of between 52 cm and 98 cm 
by 2100. Even with aggressive emission reduction strategies, a rise of between 28 cm and 
61 cm is still predicted (UNFCC, 2013). Moreover, a new study surveys 90 sea level experts who 
warn against the conservative approach of the IPCC by arguing that the rise in sea level in 
2100 will far exceed the IPCC’s projections (Abraham and Nuccitelli, 2013). Furthermore, it is 
estimated that a complete melting of the Greenland and Antarctica ice sheets will result in a 
global rise in sea level of 57 m (Pilkey and Young, 2009). While the melting of ice (see Figure 4) 
currently contributes 30% to 40% of the rise in sea level, it is anticipated that this contribution 
will significantly increase in future. Unfortunately, the melting of ice sheets is a non-linear 
function. This makes prediction extremely difficult, since the tipping of ice disintegration remains 
unknown. Rippeth and Scourse (2009) have released a contentious report undermining alerts 
associated with the a rise in sea level by stating that it should, in fact, come to an equilibrium as 
the expansion of the continental sea shelf will generate an increased growth of plankton, which 
will, in turn, absorb more CO2, ultimately reducing warming and the threat of any further rise in 
the sea level. 
Furthermore, scientific evidence indicates a gradual increase in the occurrence of human-
induced extreme weather events over the past decade. These events are generally far more 
damaging to port infrastructure and the maritime sector in general than the rise in sea level (in 
the foreseeable future). It is estimated that annual losses generated by these events over the 
past decade have reached the US$200 billion mark (IPCC, 2013).
Nonetheless, climate change has clearly brought new risks for humanity (Shaw et al., 2010; 
Chapman et al., 2013). It is important to understand the nature of these risks in order to 
understand where port infrastructure systems are most vulnerable. Considering ports as a critical 
element of the maritime supply chain and understanding the risks brought about by climate 
change will provide a better understanding of the influence that these risks may have on the 
maritime industry in general.
The vulnerability of existing port infrastructure will be very difficult to assess since most of 
the elements of such infrastructure were built decades ago and have already undergone 
deterioration, damage and possibly repairs that are very difficult to assess with any degree 
of certainty. For the purpose of this research, adaptation will therefore be limited to new 
infrastructure in the developmental stage. 
An important element of climate change risks to port infrastructure systems is the fact that some 
of these can be controlled within certain port boundaries, while events outside the controlled 
port environment often have the potential of cascading into failures in the port environment. 
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The subject must, however, be approached carefully as maladaptation may, in some cases, 
present a greater risk to the functionality of the port infrastructure when infrastructure is adapted, 
based on a flawed understanding of climate change predictions. These predictions remain 
uncertain and highly contested.
4.2 A proposed three-tier approach for adaptation
A three-tier approach to port infrastructure systems can be considered when assessing the 
risks to the smooth functioning of port infrastructure systems and when developing relevant 




Figure 3: Three-tier model for port infrastructure adaptation to climate change.
A holistic adaptive response to climate change indicators will take into consideration the three-
tier model of port infrastructure systems. Subsequently, policies and management interventions 
must be developed in respect of the risk index for each climate variable. Considering that 
this approach aims to prioritise risks based on severity in a cost-effective manner, climate 
variables with a low risk index that do not present any threat to port infrastructure will therefore 
not be taken into consideration when developing an adaptation framework. Depending on 
the location of the physical infrastructure and the nature of the port, a climate variable risk 
index may vary substantially from port to port, and a proper analysis of specific trends will be 
necessary to classify results into groups based on various observed common factors (e.g. 
geographical, commodity handling or the nature of ports). For instance, while the global 
rise in sea level is widely recognised as a threat, there are still certain parts of the world (e.g. 
Scandinavia and Alaska) where the sea level is, in fact, dropping (Pilkey and Young, 2009). This 
is attributed to the isotactic rebound effect and the sea level may therefore not necessarily 
present any risk or may present a totally different type of risk associated with the dropping of the 
sea level. Hence, a holistic approach to the climate change risk assessment and adaptation 
process is needed.
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4.3 Technology
There are three strategies to make physical infrastructure resilient to climate change: retreat, 
accommodate and protect.
Site-specific investigations are required to select the best practice. As a general rule, the review 
of infrastructure design codes to include climate change variables and improve construction 
techniques is essential if one wants to guarantee the resilience of the infrastructure. Constant 
trade-offs between conservative design and costs remain a matter of great concern in the 
industry. The need for a guideline that will provide a framework of possible interventions required 
at technological, management and policy levels has proven to be essential in the industry in 
order to maintain consistency and reliability.
4.4 Management practices (policy and management)
An important element in climate change adaptation is the appetite of risk, which remains 
vastly subjective and often has fatal consequences. Climate change risks have the potential 
to generate broad social externalities that the private sector may not always fully take into 
account. In the absence of legislative or regulatory intervention, companies in the private 
sector may be prepared to live with a level of climate change risk that is unacceptable to the 
society in which they operate (PricewaterhouseCoopers, 2010). As such, defined acceptable 
risk within the framework of port infrastructure operation is critical during policy development.
It has been found that regulators face two key difficulties (National Planning Commission, 
2011). Firstly, because regulators are responsible for ensuring that consumers have access to 
reliable and quality infrastructure, they are required to play a proactive role in guaranteeing 
that infrastructure consistently promotes adequate levels of investment. Secondly, because 
infrastructure investments tend to be capital-intensive and require large chunks of investment, 
there is a need for economically viable pricing levels.
At the heart of this ‘policy’ category will be discussions of six generic risk treatment classifications 
in accordance with the AS/NZS ISO 310002 Standard lists (RMIT University, 2013b): 
•	 Avoiding the risk 
•	 Accepting the risk
•	 Removing the source of the risk
•	 Changing the likelihood of the risk
•	 Changing the consequences of the risk 
•	 Retaining the risk
There are three fundamental tools that management may use to prioritise adaptation options: 
•	 Cost-benefit analysis 
•	 Multi-criteria analysis 
•	 Cost-effectiveness analysis
2 AS/NZS ISO 31000: ISO 31000 is a family of standards relating to risk management codified by the International Organisation for 
Standardisation. The joint Australian/New Zealand Standards (AS/NZS) was reviewed with the focus on international standards to form the AS/
NZS ISO 31000 in 2009. Significant changes achieved with AS/NZS ISO 31000 include a change to the definition of risk, the introduction of 
eleven principles for the management of risk, five attributes of an enhanced risk management framework and a recommended approach 
to developing an enterprise-wide risk management framework (Australian Government, 2010).
274
Part 5  Infrastructure and Technology Developments for the Maritime Sector
The cost-benefit analysis consists of an assessment of the costs of each decision against its 
benefits and an evaluation of whether the benefits outweigh the costs. In South Africa, during the 
decision-making process, the benefits of port infrastructure investments are traditionally evaluated 
in the port-controlled environment. Yet, the maritime industry generates far broader spin-off 
benefits at local and regional levels than ports are currently able to quantify. This is partly attributed 
to the emergence of an informal economy that is very difficult to control and regulate. 
The multi-criteria analysis explicitly considers multiple criteria in the decision-making process 
and has proved to be effective for complex assessment. According to Taneja (2013), port 
development needs to be based on a balanced view of numerous rationalities. It needs to 
ensure economic development (return on investment), social progress (employment) and 
the protection of the environment (viable territory). Climate variability has now proven to be 
an essential component to be factored in at an early stage of port development in order to 
maximise return on investment, secure employment and ensure environmental protection. In 
addition, the traditional approach to assessing an infrastructure development project on cost, 
time and quality is progressively phasing out as ports now face an increasingly heterogeneous 
stakeholder group with divergent perceptions, values and interests. Management is therefore 
compelled to place additional emphasis on soft issues associated with corporate social 
investment, stakeholder satisfaction, ethical and legal acceptability, flexibility and long-term 
sustainability. 
The decision to cater for and prioritise adaptation features during infrastructure development 
will principally be informed by risk severity assessments. However, when assessing adaptation 
options, management must take cognisance of additional essential factors, such as 
effectiveness, efficiency, equitability, costs, co-benefits and the danger of maladaptation. 
Furthermore, management may consider categorising options according to whether the 
decision outcome offers any of the following: no regrets, low regrets, win-win, once-off 
adaptation or flexible adaptive management.
The cost-effectiveness analysis consists of a comparison of the relative costs of a decision or 
actions and its outcomes in order to evaluate the effectiveness of such an action. Like the 
cost-benefit analysis, it is very difficult to estimate with precision the outcome effects of a port 
investment considering the complex nature of the maritime industry, which often generates a 
lot of externalities that are difficult to quantify.
It is therefore paramount to strengthen governance mechanisms to reduce the risk of 
corruption and make climate change initiatives more effective and successful. Central to this 
process will be the recognition that responding to climate change is not a constraint, but rather 
an essential underpinning of infrastructure development (Transparency International, 2011).
Conclusion
The complex nature of climate change risks present major difficulties in developing a one-
size-fits-all solution for port infrastructure adaptation, considering that exposure to climate 
change risks differs substantially between geographical locations, the nature and the strategic 
objectives of ports. As port infrastructure is defined as a complex interactive system, the 
traditional adaptive approach based on linear risk assessment is inappropriate. In many 
instances, adaptation is left to the individual prerogatives of engineers or line management. 
A need for complex non-linear tools to assess the severity of risk and develop a holistic three-
275
Reflections on the State of Research and Technology in South Africa’s Marine and Maritime Sectors
tier (policy-management-technology) port infrastructure adaptation framework is essential 
to minimise subjectivity and ensure reliability, accuracy and consistency throughout the port 
system globally. 
Unfortunately, no provision is made in the maritime industry for a port-wide approach or 
methodology to assess and incorporate risks at present. However, there appears to be 
adequate scientific and technical data available in the industry to allow design engineers 
to assess climate risks to port infrastructure and to incorporate adaptation measures into the 
design of port development. It remains the primary responsibility of design engineers to properly 
evaluate this and incorporate these risks into design parameters, making such critical decisions 
an individual prerogative.
Furthermore, many authors suggest that, despite awareness raised with regard to risks posed on 
port infrastructure by climate change, there is a persistent trend towards adaptation decisions 
that are still driven by affordability rather than risk. This could easily be attributed to a lack of 
reliable tools that will serve to sensitise, quantify and highlight the cost of risk, which in many 
cases is far greater than the cost of adaptation. Many ports have, in some instances, opted 
for ‘affordable’ adaptation, but again, there are no studies that have highlighted the cost of 
maladaptation, which may sometimes be far greater than the cost of proper adaptation. On 
the other hand, in the modern risk society where there is a rising tide of cultural anxiety towards 
risk, Mythen (2004) warns society of the danger of becoming less concerned with ‘social goods’ 
and more concerned with ‘social bads’. 
An important element regarding the necessity of adapting port infrastructure to climate change 
remains the fact that non-adaptation has proven to be more ineffective and costly to ports 
and to the maritime industry in general in the long term. This is the result of the increased 
occurrence of a maintenance regime that will translate into a rise in port fees and ultimately 
impact on the cost of seaborne transportation at some point.
Nonetheless, it is largely recognised that port infrastructure adaptation to climate change 
is compelling. Becker et al. (2011) conclude that planning for climate change demands a 
rethinking of a variety of paradigms: impacts will occur beyond the infrastructure design life 
and beyond the length of the average port administrator’s career. Furthermore, the World 
Association for Waterborne Transport Infrastructure established that portfolio management of 
adaptation and mitigation options are useful in prioritising investment strategies to encourage 
sustainable development (Stocker et al., 2013). 
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A Three-Tier Framework for Port Infrastructure 
Adaptation to Climate Change: Balancing Breadth 
and Depth of Knowledge
Kana Mutombo and Aykut Ölçer
World Maritime University, Malmö, Sweden
 Introduction
The development of maritime transportation infrastructure has become a key 
enabler and catalyst for the competitiveness and development of any regional 
economy. Climate change has however brought new risks to the industry, and 
this is mainly due to the fact that seaports are located on coasts that are sus-
ceptible to climate variations.
The complex nature of climate risks presents major difficulties in develop-
ing a one-size-fits-all solution for port infrastructure adaptation. Although 
there appears to be adequate scientific and technical data available in the in-
dustry to allow design engineers to assess climate risks to port infrastructure, 
there is presently no provision in the maritime industry for a port-wide ap-
proach or methodology for assessing and incorporating these risks into port 
adaptation. Such critical decisions are often left to the prerogative of individu-
als, resulting in initiatives that are in most cases fragmented, incoherent and 
poorly coordinated with undesired outcomes.
Ports require a unique and broader management approach that addresses 
climate challenges in its entire complexity rather than focusing only on in-
frastructure resistance. A holistic model for port infrastructure adaptation to 
climate change is therefore proposed as a benchmark for future planning, de-
cision making and investment strategies in the industry. This article aims at 
raising the necessary awareness of the need for a three-tier (Policy-Manage-
ment-Technology) adaptation framework. It further aims at improving deci-
sion making and ensuring successful implementation of response strategies 
by balancing the breadth and depth of knowledge. Most essentially, the article 
highlights possibilities and opportunities that may result from climate adap-
tive initiatives in ports.
Increasing trade, movement towards globalization and vertical special-
ization have resulted in steep increases in import and export activities. 
Raw materials are often sourced in one part of the world and shipped over 
long distances to another part of the world for development into finished 
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products.1 This close interrelation of the world economy and the open mar-
ket situation has intensified world trade competition, forcing players into 
innovation and creativity in order to remain relevant in the sector.
Owing to its large economy of scale, seaborne transportation is character-
ized by a low carbon footprint as a result of low energy consumption per 
cargo unit per kilometer distance. This climate friendly image offers a major 
competitive advantage over other means of transport and therefore makes it 
attractive for shippers of cargo.2 For instance, for each cargo tonne per km 
travelled, road and rail transportation respectively emit six times and twice 
the amount of carbon dioxide (CO2) that seaborne transportation emits. 
Airborne transportation emits far more CO2 than rail and road transporta-
tion.3 As a result, seaborne transportation currently accounts for 80 percent 
of global trade, carrying approximately 50,000 billion tonne-miles4 moving 
through ports to reach consumers. For this reason, port infrastructure devel-
opment has therefore increasingly becoming a key enabler for the develop-
ment and growth of any regional economy. Greater specialization, the hub 
concept, centralization and economy of scale are used by players as strategies 
to maintain competitive advantage in the industry. This has created visible 
trends towards the production of larger ships, compelling ports to continu-
ously adapt their existing infrastructure or build new infrastructure to meet 
market requirements.
1 The World Bank, “The Costs of Adapting to Climate Change for Infrastructure,” Discussion 
Paper no. 2 (Environmental Department, The World Bank, Washington, D.C., 2010), avail-
able online: <http://siteresources.worldbank.org/EXTCC/Resources/407863-1229101582229/
DCCDP_2Infrastructure.pdf>.
2 K. Cullinane, “Economies of Scale in Large Container Ships,” Journal of Transport Econom-
ics and Policy 33, no. 2 (1999): 185–207, available online: <http://www.jstor.org/stable/10.2307 
/20053805?ref=search-gateway:9c2e89e69d207559b8192c77c7804b40>; S. Bonnerjee, A. Cann, 
H. Koethe, D. Lammie, G. Lieven and J. Muskatirovic, Inland Waterborne Transporta-
tion: Connecting Countries, Congress Report, The United Nations World Water Develop-
ment Report 3 (Paris: UNESCO, 2009), available online: <http://unesdoc.unesco.org/
images/0018/001817/181794e.pdf>.
3 K. Mutombo, “Port Infrastructure: A Holistic Framework for Adaptation to Climate Change,” 
in Reflections on the State of Research and Development in the Marine and Maritime Sectors 
in South Africa, eds. N. Funke, M. Claassen, R. Meissner and K. Nortje (Pretoria: Council for 
Scientific and Industrial Research, in press).
4 Id.; United Nations Conference on Trade and Development, Review of Maritime Transport 
2015, available online: <http://unctad.org/en/PublicationsLibrary/rmt2015_en.pdf>.
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In the midst of the above positive developments in the sector, climate 
change has now brought new risks on ports since they are located in coastal 
areas that are mostly susceptible to climate variations. Since port activities 
generate substantial multiplier effects, climate threats to ports could therefore 
be devastating to the economies of nations. Traditionally, port infrastructure 
was generally built under the assumption of a static climate,5 but this is no 
longer the case. While port infrastructure is designed to remain in operation 
for decades, significant climate variations over the life of port infrastructure 
could seriously compromise its performance, thereby affecting the maritime 
industry in general.6
Although there is evidence that climate change adaptation measures are 
progressively being factored into investment decision making,7 the extent of 
this across the entire sector still remains unclear,8 hence, the increasing advo-
cacy in recent times towards the building of resilience. At the port level, this 
translates into the need for incorporation and recognition of climate change as 
an essential element of port infrastructure development.9
5 Stockholm Environment Institute (SEI), “Coastal Adaptation: Africa Review and New Esti-
mates,” AdaptCost Briefing Paper 3 (SEI, Stockholm, 2010), available online: <http://www 
.unep.org/climatechange/adaptation/Portals/133/documents/AdaptCost/4 AdaptCost Brief-
ing Note 3 Coasts vs 1.doc>.
6 A. Arns, T. Wahl, I. Haigh, J. Jensen and C. Pattiaratchi, “Estimating Extreme Water Lev-
el Probabilities: A Comparison of the Direct Methods and Recommendations for Best 
Practise,” Coastal Engineering 81 (2013): 51–66, <doi:10.1016/j.coastaleng.2013.07.003>; A. 
Becker, M. Fischer, B. Schwegler and S. Inoue, “Considering Climate Change: A Survey of 
Global Seaport Administrators,” CIFE Working Paper #WP128 (Center for Integrated Facil-
ity Engineering, Stanford University, Stanford, 2011), available online: <http://http://www 
.pianc.org/downloads/climate%20change/WP128.pdf>; Z. Demirbilek, “Sea Level Rise 
and Impacts on Engineering Practice,” Ocean Engineering 71 (2013): 1–2, <doi:10.1016/j.ocean-
eng.2013.07.002>; M. Villatoro et al., “An Approach to Assess Flooding and Erosion Risk for 
Open Beaches in a Changing Climate,” Coastal Engineering 87 (2014): 50–76, <doi:10.1016/j 
.coastaleng.2013.11.009>.
7 PricewaterhouseCoopers, ed., Adapting to climate change in the infrastructure sectors (Lon-
don, UK: Department for Environment, Food and Rural Affairs, 2010), available online: 
<http://http://archive.defra.gov.uk/environment/climate/documents/infrastructure-pwc 
-full.pdf>; T. Gallien, J. Schubert and B. Sanders, “Predicting Tidal Flooding of Urbanized Em-
bayments: A Modeling Framework and Data Requirements,” Coastal Engineering 58, no. 6 
(2011): 567–577, <doi:10.1016/j.coastaleng.2011.01.011>.
8 T. Sekimoto, M. Isobe, K. Anno and S. Nakajima, “A New Criterion and Probabilistic Approach 
to the Performance Assessment of Coastal Facilities in Relation to their Adaptation to Global 
Climate Change,” Ocean Engineering 71 (2013): 113–121, <doi:10.1016/j.oceaneng.2013.01.032>.
9 Demirbilek, n. 6 above.
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 Climate Change: Indicators and Impacts on Port Infrastructure
Correlation between the CO2 content trapped in ice masses and the tempera-
ture confirms that the Earth is warming.10 Scientists attribute this phenom-
enon to an increase in the concentration of greenhouse gases such as CO2, 
methane, water vapor, nitrous oxide and ozone.11 The Intergovernmental Panel 
on Climate Change (IPCC) concluded that “the warming of the climate system 
is unequivocal and that, since the 1950s, many of the observed changes are 
unprecedented over decades to millennia.” It further stated that
human influence has been detected in the warming of the atmosphere 
and the oceans, the change in the water cycle, the reduction in snow and 
ice, the rise in the global mean sea level and changes in some climate 
extremes. It is extremely likely that human influence has been the domi-
nant cause of the observed global warming since the mid-20th century.12
 Climate Change Indicators
The IPCC has holistically identified the following indicators of climate change:13 
warming of the world’s oceans, rising mean global sea level, changing salinity 
of the oceans, increases in ocean acidification, more frequent warm days and 
nights, decreases in snow cover, degrading of the permafrost, changes in large 
scale precipitation, shrinking Arctic sea ice, widespread retreat of glaciers, 
changes in ice sheets, rises of average global temperature, and increases in the 
Earth’s surface humidity.
These indicators will have a direct or indirect impact on long-term infra-
structure planning within a port environment. For instance, although projec-
tions for sea-level rise by 2100 are estimated between 0.26 m to 0.82 m,14 it is 
predicted that a complete melting of glacier ice on Greenland and Antarctica 
10 A. Gore, An Inconvenient Truth: The Planetary Emergency of Global Warming and What We 
Can Do About It (New York: Rodale Press, 2006); N. Macdonald and B. O’Connor, “Changes 
in Wave Impact on the Flemish Coast Due to Increased Mean Sea Level,” Journal of Marine 
Systems 7, no. 2–4 (1996): 133–144, <doi:10.1016/0924-7963(95)00032-1>.
11 Macdonald and O’Connor, n. 10 above.
12 Intergovernmental Panel on Climate Change (IPCC), Working Group I, Contributions to 
the Fifth Assessment Report (2014), Climate Change 2013: The Physical Science Basis, avail-
able online: <http://www.climatechange2013.org/images/report/WG1AR5_ALL_FINAL 
.pdf>.
13 Id., TS4, p. 60–73.
14 Id., p. 23.
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has the potential to raise global sea level by approximately 57 m.15 This is an in-
dication of the alarming situation ports face as a result of the continued melting 
of ice. Fuelling this is the anticipated shift from the current thermal expan-
sion to ice sheet disintegration as the dominant contributing causal factor to 
sea-level rise in the near future. Ice sheet disintegration cannot however be 
estimated with accuracy, placing additional uncertainty on the extent of sea-
level rise in the future.16 Meanwhile, extreme weather with further devastating 
impacts on ports are also anticipated as a result of the complex interface be-
tween sea and atmospheric conditions. Also, land subsidence or emergence 
causing negative sea level17 at various locations across the globe is attributed 
either to “glacio-hydro-isostatic effect,”18 which is a complex pattern of spa-
tial sea level change each time ice sheets wax and wane, or to groundwater 
extraction activities.19 This situation is fuelling additional complexities and 
uncertainties in addressing climate change adaptation on coasts.
 Impact of Climate Change on Port Infrastructure
There is wide recognition in the shipping industry that changes in intensity 
and frequency of weather patterns presents the major climate-related threat 
to port infrastructure in particular, and to coasts in general.20 Unfortunately, 
the uncertain nature of climate extremes as a non-linear relationship between 
15 O.H. Pilkey and R. Young, The Rising Sea (Washington, D.C.: Island Press/Shearwater 
Books, 2009).
16 Macdonald and O’Connor, n. 10 above.
17 A. Parker, “Impacts of Sea Level Rise on Coastal Planning in Norway,” Ocean Engineering 1 
(2013): 78, <doi:10.1016/j.oceaneng.2013.12.002>.
18 K. Lambert, Glacial Crustal Rebound, Sea Levels and Shorelines (Canberra: Australian Na-
tional University, Academic Press, 2001), pp. 1157–1167, available online: <http://curry.eas 
.gatech.edu/Courses/6140/ency/Chapter10/Ency_Oceans/Glacial_Crustal_Rebound.pdf>.
19 Pilkey and Young, n. 15 above.
20 D. Kong, S. Seunge, T. Molyneaux, G. Zhang and D. Law, Structural Resilience of Core 
Port Infrastructure in a Changing Climate, Work Package 3 of Enhancing the Resilience 
of Seaports to a Changing Climate Report Series (Melbourne: National Climate Change 
Adaptation Research Facility, RMIT University, 2013). available online: <http://www 
.nccarf.edu.au/sites/default/files/attached_files_publications/Kong_2013_Structural 
_resilience_core_port_infrastructure_WP3.pdf>; H. Scott, D. McEvoy, P. Chhetri, F. Ba-
sic and J. Mullett, Climate Change Adaptation Guidelines for Ports, Enhancing the Resil-
ience of Seaports to a Changing Climate Report Series (Melbourne: National Climate 
Change Adaptation Research Facility, RMIT University, 2013), available online: <http://www 
.nccarf.edu.au/publications/enhancing-resilience-seaports-climate-change-adaptation 
-guidelines>; Macdonald and O’Connor, n. 10 above; Villatoro et al., n. 6 above; Arns et al., 
n. 6 above.
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average and extreme weather makes it very difficult and cost-ineffective to 
build resilience against such events. Re-designing policies and management 
processes that seek to deal effectively and proactively with disasters would be 
the best recommendation in this regard.21
However, sea level, water table, temperature, rainfall/runoff, waves, wind, 
salinity and humidity have been identified as the major climate variables that 
would affect the long-term performance of coastal infrastructure.22 An ap-
proach adopted by RMIT University23 classifies port infrastructure and sum-
marizes the most known and obvious direct impacts of climate change in the 
following manner:
• Berthing structures: Infrastructure damage and deterioration resulting from 
heavy storm activity, inundation of infrastructure and shifting tidal and 
splash zone levels are identified as the most visible impact on berthing 
structures.
• Protection barriers: Visible impacts on protection barriers include an in-
crease in wave overtopping of protection barriers and barrier material dis-
placement or fracture and erosion of barriers.
• Port superstructures: These have mainly experienced failure of foundations, 
degradation of superstructure materials, increased storm and flood damage 
and failure of roofs and cladding.
21 I.O. Kane, J. Vanderlinden, J. Baztan, N. Touili and S. Claus, “Communicating Risk Through 
a DSS: A Coastal Risk Centred Empirical Analysis,” Coastal Engineering 87 (2014): 240–248, 
<doi:10.1016/j.coastaleng.2014.01.007>.
22 Kong et al., n. 20 above; C. Lewsey, G. Cid and E. Kruse, “Assessing Climate Change Im-
pacts on Coastal Infrastructure in the Eastern Caribbean,” Marine Policy 28, no. 5 (2004): 
393–409, <doi: 10.1016/j.marpol.2003.10.016>; A. Becker, S. Inoue, M. Fischer and B. Schwe-
gler, “Climate Change Impacts on International Seaports: Knowledge, Perceptions, and 
Planning Efforts Among Port Administrators,” Climatic Change 110, no. 1–2 (2012): 529, 
available online: <http://search.proquest.com.proxy.wmu.se/docview/909755863?accou
ntid=43722>; N. Chini and P. Stansby, “Extreme Values of Coastal Wave Overtopping Ac-
counting for Climate Change and Sea Level Rise,” Coastal Engineering 65 (2012): 27–37, 
<doi:10.1016/j.coastaleng.2012.02.009>; N. Chini, P. Stansby, J. Leake, J. Wolf, J., Roberts-
Jones and J. Lowe, “The Impact of Sea Level Rise and Climate Change on Inshore Wave 
Climate: A Case Study for East Anglia (UK),” Coastal Engineering 57, no. 11–12 (2010): 
973–984, <doi:10.1016/j.coastaleng.2010.05.009>; R. Deepthi and M. Deo, “Effect of Climate 
Change on Design Wind at the Indian Offshore Locations,” Ocean Engineering 37, no. 11–12 
(2010): 1061–1069, <doi:10.1016/j.oceaneng.2010.04.001>; Villatoro et al., n. 6 above; Arns et 
al., n. 6 above; Kane et al., n. 21 above; Demirbilek, n. 6 above.
23 Scott et al., n. 20 above.
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• Channels and harbor basins: Visible impacts include change in water depth, 
change in water flow, increased/decreased sedimentation and change in 
timing of seasonal high and low water.
• Road infrastructure: Roads have experienced embrittlement and cracking of bitu-
men, loss of water seal causing potholing, low-lying roads may be submerged and 
damage to road foundations as a result of prolonged drought and low rainfall.
• Rail infrastructure: Rail lines have experienced buckling of tracks, submerg-
ing of low-lying rail tracks, signal and other electrical damage and damage 
to rail foundations as a result of prolonged drought and low rainfall.
Despite the increasing sense of climate awareness, there is still persistent evi-
dence of a lacking port-wide approach or methodology to assess climate risk in 
the industry. This could easily be attributed to the high complexity and uncer-
tainty that climate risks present, making it very difficult for port management 
to develop a one-size-fits-all solution for adaptation considering that exposure 
to climate risks differs substantially between geographical locations, natures, 
functions and strategic objectives of ports. For this reason, traditional simplis-
tic approaches to assessing risks with linear tools are not appropriate in this 
case. It is necessary to develop a holistic approach with appropriate tools for 
climate risk assessment.
The proposed three-tier framework in this article serves as a useful and 
holistic-based tool for effective climate adaptation decision making in ports. 
Ultimately, it seeks to build recognition that climate change is not a threat, but 
rather an essential component of port development.
 Three-Tier Adaptation Framework
Taneja defines port infrastructure “as a system including physical elements 
(such as breakwater, access channel, berth, equipment, road and rail connec-
tions), in addition to the operating procedures, management practices, and de-
velopment policies that interact together with societal demand and the physical 
world to facilitate its function.”24 Additionally, various experts suggest a radical 
shift in the understanding of the word “infrastructure” from one focusing on 
physical fixed assets to a broader definition that embodies notions of softer 
types of infrastructure such as systems, procedures, policy and knowledge.25 
24 P. Taneja, The Flexible Port (Ph.D. thesis, Delft University of Technology, 2013).
25 UN-Habitat, ed., Infrastructure for Economic Development and Poverty Reduction in Africa 
(Nairobi: United Nations Human Settlements Programme, 2011), available online: <http://
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An effective adaptive solution to port infrastructure should therefore take into 
consideration the broader definition.
While there is wide acknowledgement of the need to adapt ports to climate 
change, in many cases adaptive initiatives and processes at ports are found to 
be hampered by the following challenges: policy intervention, management 
intervention and technology. Each of these is examined in turn below.
The appetite for risk remains vastly subjective with sometimes fatal conse-
quences, making it difficult for decision makers to reach consensus on what 
needs to be done. This situation is exacerbated by conflicting interests be-
tween different stakeholders. Quite often, climate risk generates externalities 
which one party may not always take fully into account. In particular, in the ab-
sence of legislative or regulatory intervention, there are stakeholders who may 
be prepared to live with a level of climate risk that is unacceptable to society.26 
Furthermore, an important element of climate risk to port infrastructure sys-
tems is the fact that we may erroneously tend to limit and control risks within 
certain port boundaries, yet events outside our controlled environment often 
have the potential of cascading failures into the port environment. As such, a 
need for some form of broad guidelines on climate risk in general and in ports 
in particular is critical. Policy intervention is therefore identified as an impor-
tant pillar in climate adaptation in ports.
In general, most modern organizations have developed robust risk manage-
ment policy as part of their business processes; however, the implementation 
of this policy on day-to-day activities remains questionable. For instance, a call 
to view environmental impact assessment (EIA) and strategic environmental 
assessment (SEA) as appropriate instruments to mainstream adaptation and 
as helping to improve climate resilience of infrastructure27 has unfortunately 
not translated into effective implementation.28 The constant trade-off be-
tween costs and adaptive solutions is speculated as a major reason for the slow 
www.uncsd2012.org/content/documents/UN-HabitatReport.pdf>; The Royal Academy of 
Engineering, ed., Infrastructure, Engineering and Climate Change Adaptation: Ensuring 
Services in an Uncertain Future (London: Royal Academy of Engineering, on behalf of En-
gineering the Future, 2011).
26 PricewaterhouseCoopers, n. 7 above.
27 European Commission, ed., An EU Strategy on Adaptation to Climate Change (Brussels: 
European Commission, 2013). Available online: <http://eur-lex.europa.eu/legal-content/
EN/TXT/PDF/?uri=CELEX:52013DC0216&from=EN>.
28 J. Yi and T. Hacking, “Incorporating Climate Change into Environmental Impact Assess-
ment: Perspectives from Urban Development Projects in South Korea,” Procedia Engineer-
ing 21 (2011): 907–914, <doi: 10.1016/j.proeng.2011.11.2093>.
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pace in implementing effective climate adaptation initiatives in the industry,29 
leading to maladaptation. Adaptation decisions are sometimes driven and 
limited by funding availability, or they are also often biased towards personal 
gains,30 prompting the need for enforcing governance mechanisms. Addition-
ally, the uncertainty and controversial nature of climate change issues has ex-
acerbated the prevailing slow pace in decision making on adaptation strate-
gies. Adaptation (which involves planning on a long-term horizon whereby the 
risks are not always identifiable) is always competing for resources with short-
term mitigation initiatives.31 Given the prevailing short-sighted management 
decision making in industry, mitigation often wins out because the results are 
associated with immediate money savings, a typical downfall of performance 
incentives strategies that aim at motivating and retaining skilled employees in 
organizations. In the same light, Becker et al.32 recognized the current short- 
and long-term planning balance challenge. He however warned industries on 
the profound implications that climate change impacts could create.
On the other hand, it is widely recognized that adequate supply of infra-
structure is an essential foundation for economic development and poverty 
reduction.33 This may lead to unnecessary and over-adaptation project initia-
tives with the view to promote growth and equity and to help reduce poverty 
in regions with low employment rates.34 Paradoxically, the current rising tide 
of cultural anxiety towards risk35 and the insatiable need for visibility in the 
political sphere may also lead to unnecessary adaptation (over-adaptation) un-
less a rational assessment is performed to assess the need for such adaptation. 
29 Becker et al., n. 22 above; S. Hoggart et al., “The Consequences of Doing Nothing: The 
Effects of Seawater Flooding on Coastal Zones,” Coastal Engineering 87 (2014): 169–182, 
<doi:10.1016/j.coastaleng.2013.12.001>.
30 Transparency International, Global Corruption Report: Climate Change (London: Earths-
can, 2011).
31 S. Mills-Knapp, E. Bourdeau, G. Falco, C. Resler, H. Tovar and S. Zoegall, Climate Change 
Adaptation and Sustainable Design at the Port Authority of New York and New Jersey 
(Columbia: Columbia University, 2011), available online: <http://www.earth.columbia 
.edu/sitefiles/file/education/capstone/Capstone_final_5_11_11_reduced.pdf>.
32 Becker et al., n. 6 above.
33 UN-Habitat, n. 25 above; National Planning Commission, National Development Plan: Vi-
sion for 2030 (Pretoria: National Planning Commission, 2011), available online: <http://eeas 
.europa.eu/south_africa/docs/ncp_national_development_plan_vision_2030_en.pdf>.
34 National Planning Commission, id.; PricewaterhouseCoopers, n. 7 above; The Royal Acad-
emy of Engineering, n. 25 above.
35 G. Mythen, Ulrich Beck: A Critical Introduction to the Risk Society (London: Pluto Press, 
2004).
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In light of the above, in addition to policy, management intervention is 
therefore viewed as an important and essential pillar for port infrastructure 
adaptation.
There are principally three strategies to building physical infrastructure re-
silience to climate change: retreat, accommodate and protect. Site-specific in-
vestigations are required in order to select the best practice. As a general rule, 
reviewing infrastructure design codes and improving construction techniques 
are essential in order to guarantee resilience of port infrastructure. These ex-
ercises have so far not been standardized across the port system, leaving this 
practice to much subjectivity, doubt and incoherence. Hence, the consider-
ation to include a technology component as an additional important pillar to 
port infrastructure adaptation.
Taking into consideration all of the above, a holistic response to climate 
change will take into consideration these three pillars: policy, management and 
technology (Figure 20.1). Hierarchically, policy remains the pillar driver to a par-
adigm shift towards adaptation. Despite a plethora of initiatives, there are still 
great disparities between policy intentions and implementation in the field. 
This situation is exacerbated by conflicting interests between different groups 
resulting in the suppression of the most marginalized voices. The need to fac-
tor climate change in ports should be articulated in policy in a very clear and 
unambiguous manner. This will only be effective by maintaining consistency 
with data through a reliable, competent and duly recognized international or-
ganization. Clarity and coherence in policy will in turn significantly improve, 
facilitate and fast-track management decision making, especially in respect to 
climate adaptation initiatives. As a result, technological solutions will therefore 
be promoted, thereby improving the general port logistical efficiency and reli-
ability through improved infrastructure and this will ultimately result in attrac-





Three-tier model for port infrastructure adaptation to 
climate change
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 Balancing Breadth and Depth of Knowledge
It is one thing to develop an adaptation model based on three pillars, but the 
ability to implement such a model in the day-to-day activities requires broader 
buy-in from stakeholders. Traditionally cost, time and quality were the main 
parameters for evaluating an infrastructure development project initiative. 
However, this approach is progressively phasing out as ports now face increas-
ingly heterogeneous stakeholder groups with divergent perceptions, values and 
interests. Soft issues associated with corporate social investment, stakeholder 
satisfaction, ethical and legal acceptability, flexibility, and long-term sustain-
ability are therefore requiring more attention and focus from management. 
Furthermore, due to the interactive nature of the climate concept, the need 
for a wider approach during decision making is paramount, and sustainabil-
ity in decision making is increasingly taking predominance as a fair balance 
among the economy, environment and society. On the one hand, it is largely 
recognized that port infrastructure development initiatives need to be based 
on a balanced view of numerous rationalities.36 The need for in-depth knowl-
edge of each pillar (Policy—Management—Technology) in order to fully un-
derstand the extent of the problem at hand and its implications is therefore 
essential. This is referred to as depth of knowledge and it is assessed in the fol-
lowing parameters: status quo, stakeholders, cost, benefits, opportunities and 
socio-enviro-economic externalities.
On the other hand, it is widely recognized that governance lies at the heart 
of the climate challenge that humanity is now facing. Transparency Interna-
tional argues that
climate change is the greatest governance challenge the world has ever 
faced. … A robust system of climate governance—meaning the processes 
and relationships at the international, national, corporate and local lev-
els to address the causes and effects of climate change—will be essential 
for ensuring that the enormous political, social and financial investments 
by both the private sector and the public sector made in climate change 
mitigation and adaptation are properly and equitably managed, so that 
responses to climate change are successful.37
A well-coordinated decision-making approach is therefore paramount at 
different authority levels to ensure successful adaptive responses. This 
36 Taneja, n. 24 above.
37 Transparency International, n. 30 above, p. xxv.
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necessitates broader and equitable consideration across the three different 
pillars, hereby referred to as breadth of knowledge and which is in fact found-
ed on the governance framework. Underpinning this process is the realization 
of buy-in from various stakeholders, and this is achieved through transparency, 
accountability and inclusive participation.
Breadth of knowledge deals with implementation of strategies. Typical 
challenges during implementation are generally (though not limited to) the 
following:
• Low incentive (outcome/expectant theory): Climate change is still viewed 
as an issue for the long distanced future, which in most cases will not affect 
the life or performance of individuals in general.
• Complacence and fear for new initiatives: Change always brings a sense of 
discomfort, irrespective of whether the change is good or bad.
• Preoccupation with firefighting operation: Unless there is a decision that 
compels ports to adapt, there will always be pressing matters that will take 
first priority, leaving adaptation at the bottom of the things-to-do list.
• Management inability to confront realities: People with limited ability and 
skills may tend to cover up the issue or adapt the “head in the sand ap-
proach.” As a result, an environment of “happy talks” tends to be promoted 
as a way of avoiding to face reality.
• Reactive approach: Unless something has happened in their immediate en-
vironment which they directly relate to, people tend to remain passive until 
they are forced to act.
• Non-coordination of efforts: A united team will always produce more effect 
than a divided one. Lack of coalition suggests the inabilities of a group of 
managers to convey and convince stakeholders on the initiative.
In summary, balancing breadth and depth of knowledge serves three purposes:
1. To evaluate with a high level of clarity and detail what needs to be done 
and how to do it.
2. To anticipate and assess broad externalities that may result from differ-
ent potential response strategy scenarios.
3. To provide a benchmark (the do-nothing option) for evaluating the pros 
and cons of potential response strategies, thereby addressing appropri-
ately the short- and long-term priorities balance.
Ultimately, this approach serves to improve decision making and ensure 
successful implementation (Figure 20.2).




Generally speaking, depth of knowledge deals with formulation of strategies. 
It reveals what needs to be done in terms of climate adaptation in ports. How-
ever, breadth of knowledge deals with implementation. It sets the governance 
structure by highlighting responsibilities of various players in order to achieve 
transparency, accountability and inclusive participation. Balancing breadth 
and depth of knowledge is a critical framework for alleviating the silo decision-
making approach and ensuring successful adaptive response strategies. This 
framework should not be viewed as an alternative to existing methods/tools of 
assessment, but rather as a complement. The strength of this approach lies how-
ever in its originality in providing an additional dimension (breadth and depth) 
to information at hand for effective, quality and informed decision making.
Policy Management Technology
Status quo
Existing climate policies need to be 
reviewed in order to assess any 
possible gaps and propose necessary 
adjustments
Management systems and processes 
need to be reviewed in order to 
improve responsiveness, flexibility, 
and promote fast implementation of 
initiative
Current infrastructure design codes 
and specifications needs to be 
reviewed to allow for more climate 
resilience
Stakeholders
Identify all stakeholders who tend to 
gain or lose from a climate policy 
adjustment /introduction
Identify all stakeholders who tend to 
gain or lose from a change in 
management systems and processes
Identify all stakeholders who tend to 
gain or lose from a change in 
infrastructure design specifications
Cost
Evaluate broad financial costsand 
other implications resulting from the 
policy change versus the cost of risk 
for maintaining existing policy
Evaluate broad financial costs and 
other implications resulting from the 
management change versus the cost 
of risk for maintaining existing 
management processes and systems
Evaluate broad financial costs and 
other implications resulting from a 
change  in infrastructure design 
specifications versus the cost of risk 
for maintaining existing 
specifications
Benefits Evaluate broad benefits resulting from the policy change
Evaluate broad benefits from the 
management change
Evaluate broad benefits resulting 
from a change  in infrastructure 
design specifications
Opportunities Assess possible opportunities that couldderive from the policy change
Assess possible opportunities that 
could derive from management 
change
Assess possible opportunities that 





Explore all positive and negative 
externalities resulting from policy 
change
Explore all positive and negative 
externalities resulting from 
management
Explore all positive and negative 














Depth of knowledge Depth of knowledge Depth of knowledge
Figure 20.2 Framework for balancing depth and breadth of knowledge
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Moreover, this approach does unfortunately necessitate a wide multidisci-
plinary team, which may be costly and time-consuming for ports with perceived 
low climate risks. Furthermore, the most important success requirement of 
this proposed adaptation approach is determined by the level of buy-in from 
all stakeholders in the process. Efficient adaptation is only achieved by using 
a holistic approach and considering all possible conflicting interests. Various 
management methods to weigh the pros and cons, and assess best solution 
options could then be applied as a complement to this approach. Most im-
portantly, rather than seeing climate change as a threat, this article aims at 
highlighting a broad spectrum of possibilities and opportunities that climate 
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Background
Increasingly severe weather patterns reported 
by the news media nearly every day indicate 
that the climate is changing. Fire raging, 
unusual snowfalls, abnormal rainfall, more 
floods in some parts of the world and more 
intense droughts in others all indicate climate 
change (Figure 1). Scientists attribute an 
increase in concentration of greenhouse gases 
(carbon dioxide [CO2], methane, water vapour, 
nitrous oxide, and ozone) to the current global 
warming. Additionally, there is increasing 
evidence by activists that greenhouse gases are 
principally caused by burning of fossil fuels 
and deforestation. Paradoxically, scientific 
evidence through ice sheet core drilling 
indicates the presence of greenhouse gases 
(especially CO2 content) in the atmosphere as 
far back as 850,000 years ago and a correlation 
between temperature and CO2 concentration 
suggests that the Earth had previously 
experienced warmer temperature than the 
current recorded global temperature, thereby 
questioning activists’ argument of human 
induced climate change.
Nevertheless, in spite of the increasing 
amount of mixed tendencies of scepticism, 
denial, uncertainties, and activisms within 
the scientific sphere, climate change has 
successfully entered public consciousness 
– leading to a string of various organized 
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initiatives: Intergovernmental Panel on 
Climate Change (IPCC), United Nations 
Framework Convention on Climate Change, 
Kyoto Protocol, Bali Action Plan, the Cancun 
agreements (2010), the United Nations Climate 
Change Conference in Durban (2011), the 
Doha Climate Gateway (2012), the United 
Nations Climate Change Conference in 
Warsaw (2013), and the very recent COP21 in 
Paris in December 2015. 
While the world has largely recognized the 
need to act against changing climate, there are 
still large disparities between policy intention 
and operational realities in the field. An 
inverse correlation between CO2 reduction 
and economic growth is widely speculated 
to be the motive behind the reluctance from 
major powers in implementing resolutions 
in terms of the Kyoto Protocol. The climate 
change debate has therefore gradually shifted 
from an environmental issue to a preservation 
of major economic interest – inadvertently 
forcing the climate science community into the 
world of politics.
Meanwhile, the IPCC resolutions concluded 
that warming of the climate system is 
unequivocal, and since the 1950s, many of 
the observed changes are unprecedented over 
decades to millennia. It further reiterated 
that human influence has been detected in 
Figure 1: Weather patterns reported by the news media on a 
daily basis indicate that the climate is changing. Fire raging, 
unusual snowfalls, abnormal rainfall, flooding, droughts, and 
wave action all indicate climate change.
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warming of the atmosphere and the oceans, 
in changes to the water cycle, in reduction in 
snow and ice, in global mean sea level rise, 
and in changes in some climate extremes. It is 
most likely that human influence has been the 
dominant cause of the observed warming since 
the mid-20th century.
Arctic Region
Arctic warming has major worldwide 
implications through the following 
primary mechanisms: melting of Arctic ice 
contributes to sea level rise and changes in 
the configuration of ocean currents. It also 
reduces albedo [a measure of the reflectivity 
of the Earth’s surface] thereby increasing 
warming. As warming progresses, the thawing 
of permafrost releases more greenhouse 
gases into the atmosphere. These primary 
mechanisms provoke further externalities 
which are often associated with the cost of 
infrastructure adaptation to climate change, 
impacts on wildlife, environment and general 
ecosystem change. Moreover, while there are 
mostly negative externalities, the potential 
of boosting the shipping industry with new 
shorter international shipping routes through 
the Arctic region is a major positive gain 
for the maritime industry. Between North 
America, Northwest Europe and countries 
such as China, Japan and South Korea, new 
shipping lanes have been created in areas that 
were previously not navigable.
Harsh climatic conditions, insufficient 
infrastructure and vast geographical distances 
are the principal challenges faced by the 
maritime industry in the Arctic region (Figure 
2). Deep water ports for servicing ships in 
transit are rarely available and this exacerbates 
the risk of navigation which in turn influences 
insurance costs.
As a result of new navigable routes, a 
projected growth in traffic volume of ships 
in the Arctic region is unavoidable. Ports in 
the region are therefore compelled to position 
themselves for competitive advantage. Major 
changes in the way they operate are expected 
during this century in order to take advantage 
of opportunities. In addition to the increase 
in ship size experienced in the industry 
as a result of economy of scale, change in 
distribution patterns will likely create new 
hubs in the region, thereby placing additional 
pressure on port infrastructure developments 
to meet changing market requirements and, 
most importantly, to remain resilient to 
climate change.
The Northern Sea Route is clear during 
summer but it is expected that it will be 
available year-round by 2030. Subsequently, 
while major port developments are expected 
to take place in the region over the next few 
decades, climate change has clearly brought 
new risks, particularly to ports, since they 
are located in areas vulnerable to climate 
change impacts. 
Literature suggests that there is presently no 
provision for a port wide approach to factoring 
climate change into port infrastructure 
development. Moreover, there appears to 
be inadequate scientific and technical data 
available in the industry to allow design 
engineers to assess climate risks to port 
infrastructure. Such critical decisions often 
remain under individual prerogatives. 
Climate Change Impacts in Ports
Climate change impacts ports in various 
manners. Berthing structures experience 
damage and deterioration resulting from heavy 
storm activity, inundation and the shifting tidal 
and splash zone level (Figure 3). Protection 
barriers face the risk of wave overtopping. 
Additionally, there have been numerous 
occurrences of barrier material displacement 
and fracture, and the erosion of barriers as a 
result of the increasing forces exerted on these 
structures. Failure of foundations, degradation 
of superstructure material, increased storm 
and flood damage, and the failure of roofs 
and cladding are the most common impacts 
of climate change on port infrastructure. 
This is mainly attributed to extreme weather 
events that, in many instances, may not 
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Figure 2: Harsh climatic conditions, insufficient 
infrastructure, and vast geographical distances are the 
principal challenges faced by the maritime industry.
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have been factored into the design process 
during the planning stage of the infrastructure 
development project. Furthermore, changes 
in water depth, water flow, and the timing 
of seasonal high and low water have also 
contributed to the exacerbation of sediment 
inflow, thereby impacting on the maintenance/
dredging regime cycle. Road infrastructure is 
mainly affected by flooding as a result of the 
inability of the storm water system to cope 
with excess rain. Major common failures on 
roads include embrittlement and cracking of 
bitumen, potholes, submergence of roads or, 
in some cases, damage to road foundations 
as a result of prolonged drought and low 
rainfall. Rail infrastructure is mainly affected 
by flooding and a change in temperature. 
Major common failures include the buckling 
of tracks, the submergence of low-lying rail 
tracks, and damage to signals, rail foundations 
and other railway.
In light of these developments, adapting 
to climate change has therefore become 
compelling, particularly to port infrastructure 
as an essential component along the logistic 
chain installations.
Ports Response to Climate Change
Ports not only serve as a chain in transportation 
for interchange, but they function as a self-
sustaining industry that is linked with domestic 
and international trade. Often, they play 
major contributing roles in local, regional and 
national economies. Climate risks to ports, 
therefore, present devastating threats to the 
economies of nations since ports also act as 
foreign exchange earners not only in the form 
of transshipment or hub port but as part of 
supply chain management by providing logistic 
services to the industry. 
Responding to climate change requires two 
kinds of action – mitigation (seeking to 
reduce greenhouse gases) and adaptation 
(seeking to create a climate change resilient 
environment).
At the port level, mitigation actions cannot 
entirely be controlled. Although a port should 
be encouraged to develop mitigation policies, 
the effect of such policies on the reduction 
of greenhouse emission will be insignificant; 
particularly considering the broader nature 
and complexity of greenhouse gases emitting 
Figure 3: Berthing structures and other infrastructure 
experience damage and deterioration from heavy 
storm activity, inundation, and shifting tidal and 
splash zone levels.
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industries which fall outside the port controlled 
environment. Effective mitigation strategies 
ideally require a worldwide approach by inter-
governmental agencies vested with significant 
power and authority to enforce compliance. 
Mitigation as response to climate change will 
therefore be omitted from this essay. However, 
adaptation seeks to lower the risks presented by 
the consequences of climate changes and this 
forms the focus of this essay. 
Building Port Infrastructure Resilience
There is some evidence that investment 
decisions are beginning to take potential 
adaptation measures into account, but the 
extent to which climate change adaptation is 
consistently considered across the sector still 
remains unclear. Much infrastructure built 
today will stand as climatic conditions change 
over the course of the century. A holistic 
model for adaptation is therefore necessary to 
serve as benchmark for future infrastructure 
planning, decision making and investment 
strategies in the industry.
An important remark in respect to the global 
mitigation strategy of reducing greenhouse 
gases emissions is the fact that even if 
emissions are curtailed, global temperature and 
sea level rise will continue to increase for a few 
decades as world oceans and ice cover come to 
equilibrium. This reinforces the necessity for 
port infrastructure adaptation.
Historically, climate change was not deemed 
as an important consideration in the design of 
port structures since most infrastructures were 
built with the assumption of a static climate 
(Figure 4). Considering the costly adaptation 
required for an existing port infrastructure 
to meet changing climate requirements, the 
need to factor climate change considerations 
at the planning stage has become increasingly 
imperative, especially in the case of the Arctic 
region where new port development activities 
are increasingly expected to take place.
Due to the uniqueness of each port, developing 
a one-size-fits-all solution for port infrastructure 
adaptation to climate change has proved to 
be a difficult task. A general paradigm shift is 
proposed in this essay with a special focus on 
the logistic chain. In recent decades, focusing 
on the logistic chain has proved to be a way 
of reducing the price of goods and therefore 
gaining competitive advantage. An efficient 
logistic chain can effectively contribute to lower 
the final cost of product either by reducing 
transport costs or inventory costs. Logistic 
chains have nowadays become the main 
drivers for trade. Ports, as essential players 
in the logistic chains, are gradually expected 
to fulfil seamless logistic chain requirements. 
Increasingly, it was also found from various 
literatures that the meaning of infrastructure 
has been shifting from one focusing on physical 
fixed assets to one that now often embodies 
notions of softer types of infrastructure such 
as systems, procedures, policy and knowledge. 
As port infrastructure is defined as a complex 
interactive logistic system, the traditional 
adaptive approach based on linear risk 
assessment is therefore inappropriate. Ports 
require a new approach for building resilience 
focusing on the logistic chain system rather 
than on infrastructure resistance. 
The eight major climate variables which would 
likely affect the long-term performance of a 
port infrastructure were identified as sea level 
rise, water table, temperature, rainfall/runoff, 
wave, wind, salinity, and humidity. Potential 
impacts of each climate variable need to be 
assessed during port development stages 
through sensitivity and risk analysis in order 
to identify critical thresholds and quantify 
risks and threats which may require holistic 
responses. Thresholds for damaging impacts 
will in fact be raised by adaptation. There are 
three climate adaptation strategies to mitigate 
the effects of port disruptions: Preparedness 
– Response – Recovery. An increase in port 
resilience is achieved by implementing 
these three sets of actions through greater 
planning, redundancy, and flexibility. These 
three strategies are considered as essential 
underpinnings for mitigating climate-induced 
disruptions to port logistic chain systems.
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• Preparedness: Prior actions geared 
to avoiding and limiting impacts of 
disruptions. “Preparedness” remains the 
best strategy rather than “Response/Adjust” 
or “Recover” after a disaster. Preparedness 
simply consists of factoring climate change 
parameters during port infrastructure design 
stages. As a general rule, a need to review 
infrastructure design codes to include 
climate variables and improve construction 
techniques is essential in order to guarantee 
resilience of infrastructure. Constant 
trade-off between conservative design and 
costs remain a matter of great concern in 
the industry and the need for guidelines 
to maintain consistency and reliability 
may prove essential. Additionally, an 
important element in the climate change 
adaptation is the appetite of risk which 
remains vastly subjective with sometimes 
fatal consequences. The nature of climate 
change risks is that they generate broad 
social externalities, which port investors 
may not always take fully into account. 
In particular, in the absence of legislative 
or regulatory intervention, ports may be 
prepared to live with a level of climate 
change risk that is unacceptable to society. 
As such, given the prevailing trade-off in 
the industry, a need to define acceptable 
Figure 4: Historically, climate change was 
not deemed as an important consideration 
since most infrastructure was built with the 
assumption of a static climate.
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climate risks within the framework of port 
infrastructure operation is critical during 
the port development stage.
• Response or Adjust: Actions geared to 
dealing with the immediate impacts of the 
disruptions. This can be conceptualized as 
the ability to remain in a desirable regime 
of logistic service while experiencing 
climate induced damages by making the 
necessary adjustment in the system. It 
consists of evaluating whether there is 
availability of alternatives or redundancy 
in the system. Redundancy is more 
than duplication; it entails diversity and 
functional replication across scales. For 
example, when a rail line that serves the 
port is impacted, road transport could be 
used as a suitable alternative.   
  
• Recovery: Actions geared to getting the 
port back up and running again as soon 
as possible. In addition to preparedness 
and responsiveness, the ability to recover 
from climate induced damages is essential 
in order to maintain port logistic service. 
Rare and periodic climate induced 
damages are opportunities for ports to 
become better fit and increase resilience. 
Disruptions at one port can have a wide 
range of potential negative impacts on the 
transportation network, while sometimes 
also offering benefit to other ports in close 
proximity. Such impacts are expected to 
be further magnified by the wide adoption 
of lean operations and the just-in-time 
practice of modern supply chains.   
      
Moreover, while disruptions provide 
opportunities for improving resilience, 
they seriously impact the logistic services 
with detrimental effects to the broader 
context. For this reason, in a logistic 
context, time of recovery after a disaster 
is an essential factor in order to mitigate 
risk of further losses. Generally, goods are 
transported through a primary port, and 
possibly a back-up port. When disruption 
occurs, the primary port is likely to 
develop a backlog of goods that will 
not dissipate unless the port reopens or 
contingency rerouting is implemented via 
back-up ports. This often gets managed 
seamlessly for a short period disruption. 
However, with longer disruptions, 
backlogs may cascade from the first 
back-up port, to a second and so on, 
thereby magnifying impacts which often 
result in an exponential increase in loss as 
disruptions persist. Therefore, the ability 
of a system to recover immediately after a 
disaster remains paramount and should be 
considered during port development and 
operation stages. 
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Conclusions
For the next few decades, major port 
development activities are expected to take 
place in the Arctic region and its proximity. 
Moreover, responding to climate change in 
ports necessitates a proactive and holistic 
approach. Unfortunately, such an approach 
may sometimes prove to be costly for port 
investors, often due to the intangible nature of 
the investment benefits which can hardly be 
quantified. Given the subjectivity in climate 
risk analysis and the persistent trade-off 
between costs and solutions in the industry, 
the need for climate regulations to ensure port 
resilience is increasingly proving necessary. 
This will be in the interest of public safety and 
it will ensure port survival and sustainability. 
On the other hand, it is worth noting that, as a 
general rule, having some level of regulations 
increases port efficiency and long-term 
sustainability and thereby reduces shipping 
costs. However, an excess of regulations 
could create an adverse effect, prompting a 
need for a threshold which may be difficult 
to determine. Additionally, the prevailing 
trade-off suggests that, very often, as ports 
naturally present substantial multiplier effects, 
the wider economic benefit of any climate 
adaptive investment in ports could probably be 
seriously under-estimated. The recognition of 
climate adaptation should ideally be factored 
in the applicability of the cost-benefit appraisal 
model for decision making.
Most importantly, a port does not exist in 
isolation; it often relies on the city in which it 
is located for the provision of basic services. 
Inter-dependency considerations should also 
be factored into port climate risk management 
plans in order to mitigate any risk of cascade 
failure. This necessitates the need for an 
inclusive port-city plan.  !
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Abstract In this paper, a new concept of Bport climate risk exposure function along the
sea–land boundary axis^ is introduced as a critical component towards port adaptation.
This concept derived from a global survey which was conducted over 29 countries to
assess perceived climate risks to port infrastructure from relevant experts. The methodol-
ogy used 48 climate scenarios developed based on existing data. Ultimately, this paper
serves as a global climate risk indicator to guide further adaptive initiatives in ports.
Keywords Port infrastructure . Adaptation . Risk . Climate change
1 Background
In December 2015, a new agreement was negotiated at the COP 21 conference in Paris and
this has globally raised hope and confidence in the world leadership commitment to fight
climate change. Moreover, climate inertia is unfortunately adding further complexity
(BThermal Inertia and Climate,^ 2005; Vogt-Schilb, Meunier, & Hallegatte, 2012) to the
current impasse. Despite the global commitment to reduce GHG, it is expected that climate
will still continue to change for a long period before it reaches a state of equilibrium (Becker,
Inoue, Fischer, & Schwegler, 2012; Hansen et al., 2013; IPCC, 2014; Plattner, 2009;
Rosenschöld, Rozema, & Frye-Levine, 2014; Tebaldi & Friedlingstein, 2013). Sea level
rise, droughts, floods, increase heat, intense storm and waves will still be experienced
throughout a good part of the present century. This prompts the need for port adaptation,
given that seaports are located in areas highly vulnerable to climate variations (Becker et al.,
2011; Villatoro et al., 2014; Arns, Wahl, Haigh, Jensen, & Pattiaratchi, 2013; Demirbilek,
2013; PIANC, 2008; Nursey-Bray et al., 2013).
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Meanwhile, while there is a wide recognition for the need to adapt seaports to
climate change (Rosenberg et al., 2010; Mcevoy & Mullett, 2014; Becker et al., 2013;
BClimate Change and Adaptation Planning for Ports,^ 2015; Nursey-Bray & Miller,
2011; Wright, 2013; Kintisch, 2008; Karambas, 2014; Dawson, 2008), silo decision-
making approach in adaptation initiatives has largely led to the prevailing ineffective-
ness of solutions in the industry. This paper analyses global trends on the perceived




Port infrastructure forms part of the built environment. They are created by humans to
achieve specific functions, and they are expected to have a useful life of 50 to 100 years
depending on the design criteria. Since they are conceived by humans during early
planning stage of projects, it is paramount that provision to prepare-adapt-respond to
climate change (in the wider context of logistic supply chain) be factored during their
conceptual stages in order to alleviate or minimise any possible future adaptation which
is generally costly and extremely disrupting.
There is currently a large disparity in the literature in respect to the definition of port
infrastructure. This ranges from physical port assets to notions that include soft assets
such as operating procedures, management practices and development policies (BSea
Port Infrastructure Maintenance Expenditure,^ 2015; Flor & Defilippi, n.d;
BInvestment in Sea Port Infrastructure,^ 2013; Haralambides, n.d.; Taneja, Vellinga,
& Sol, 2014). In terms of the physical assets, there is a strong tendency to regroup port
infrastructure into six (6) families of basic assets (Tsinker, 1997; Bruun, 2005; Beatley
& Wright, 2001; Høgedal, Knudsen, & Lassen, 2001; Homer, Law, & Molyneaux,
2015) vulnerable to the effect of climate change (RMIT University, 2013): berthing
structures, protection barriers, port superstructure, channels and harbours, road and rail
networks. The term port infrastructure in this paper refers and is limited only to the
above families of assets.
2.2 Climate variables
A study by RMIT University1, ed., (2013) concluded that climate variables which
would affect long-term performance of the port infrastructure were identified as sea
level rise, water table, temperature, rainfall/runoff, wave, wind, salinity and humidity.
This research will therefore be limited to the abovementioned climate variables which
are most relevant to port.
2.3 Climate narrative
In order to respond to the needs of decision-makers to assess climate risks in ports,
climate data projections from a statically downscaled and spatial interpolation methods
present significant limitations. The main tools used to project climate are general
K. Mutombo, A. Ölçer
circulation models (GCMs), which are computer models that mathematically represent
various physical processes of the global climate system (BGlobal Climate Change,^
n.d.). Processes in this system are generally well known but difficult to be reliably
transposed into a localised-port-specific model due to the unique characteristics of each
port-city region. Thus, GCM should ideally be considered only at global or continental
scales for climatic conditions at longer time scales. For finer spatial and temporal
scales, a downscaling process is necessary. This process relies on the assumption that
local climate is a combination of large-scale climatic/atmospheric features (global,
hemispheric, continental, regional) and local conditions such as topography, water
bodies and land surface properties (BGlobal Climate Change,^ n.d.). Representation
of the local conditions requires additional local-based information, data and assump-
tions which are generally beyond the capacity of current GCMs. This has led to further
uncertainties and limitations of the results.
Because each port is unique and located in distinctive geographical locations
(PIANC 2014), it makes it difficult to develop a climatic representation that fits all
port geographical and climatic conditions. For this reason, a standard climate narrative
is essential to assess port risk, vulnerability and resilience. Impact on ports will be
measured based on a standard medium-term variation in climate indices from existing
prevailing climatic conditions at corresponding ports. Standard variations in climate
indices are considered as the basis for developing a climate narrative to be used across
all ports, and consequences of such change on port infrastructure and on logistic supply
chain will then be assessed.
Existing predictions from IPCC, 1 NRC, 2 USACE3 and NOAA4 (IPCC, 2014;
PIANC, 2014; Nicholls, et al., 2008) were assessed and were found to have significant
disparities in their results. Meanwhile, results from these assessments highlight visible
and clear trends for sea level and temperature-related indices and this is reflecting on
the climate narrative developed (Table 1). However, trends on rainfall, wave, wind,
salinity, humidity and water table remain extremely uncertain with large disparity. From
existing recorded measurements, prediction variations on these variables exceed some-
times the 100 % range from one port to another. This is largely attributed to the close
dependence of these variables to port local conditions which are very difficult to factor
into climate models. Given the preventive nature of risk assessment approach and for
the purpose of this research, larger projection ranges (50 % increase) are used on the
standard climate narrative (Table 1) as a conservative way to factor uncertainty for
rainfall, wave, wind, salinity, humidity and water table. However, in practical term,
when assessing climate risk in specific ports, it is recommended that each port develops
its unique and realistic climate narrative that suits local conditions.
2.4 Scenarios
The development of scenarios facilitates communication on climate risks (LTAS,
2015). A scenario in this paper is defined as the exposure of a port family asset to a
1 Intergovernmental Panel on Climate Change
2 National Research Council
3 United States Army Corps of Engineers
4 National Oceanic and Atmospheric Administration
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particular climate variable event. In this respect, the number of scenarios considered in
this paper is as follows:
Equation 1: calculation of number of scenarios
8Climate variables! 6port infrastructure families ¼ 48scenarios
This paper aims at presenting the results of the survey conducted with the
view to analyse the trends on the perceived climate risks at ports globally.
The survey conducted sought at gathering the views of port experts on the
risk and vulnerability associated with 48 standard climate narrative scenarios
(Fig. 1) at their respective ports. Based on evaluation and trends, results are
Table 1 Climate narrative Climate variables Unit Projected medium-term
variation
Sea level m 0.75
Ground water m 5
Temperature Degree C 1
Precipitation % 50
Wave height % 50

















































































Fig. 1 Forty-eight scenarios’ representation
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then analysed. This shall ultimately serve as the basis for developing a
framework for adaptation.
3 Survey questionnaire
In recent decades, in order to gain competitive advantage, it is increasingly becoming
essential to focus on logistic chain as a way of reducing the price of goods (PIANC,
2014). Efficiency on the logistic chains has nowadays become the main drivers for
trade (Liu and Lam 2015). Ports, as essential players in the logistic chains, are
increasingly expected to fulfil seamless logistic chain requirements (Gaur 2006). This
has resulted in a gradual shift from assessing risk within the port boundaries to a larger
scale within logistic chain.
In this study, risk is defined as the probability of affecting smooth running of
the port logistic service (movement of goods) as a result of climate scenario. The
survey questionnaire was developed with the view to assess the perceived risk
associated with each of the 48 scenarios in different ports from various relevant
experts. It was designed in such a way that each identified high-risk scenario
triggers a subsequent drop-down question. This sub-question aims at assessing
vulnerability by evaluating the existing capacity to deal with the identified risk.
High-risk scenarios were also subjected to further scrutiny by evaluating whether
the port has provision for any redundancy in the system in order to allow
seamless port logistic services.
Closed questions were used and answers were to be selected among five
given options: BNot relevant^, BLow risk^, BMedium risk^, BHigh risk^ and BI
don’t know^ in respect to the first part of the questionnaire relating to BRISK
EVALUATION^. The second part titled BEVALUATION OF ALTERNATIVES/
REDUNDANCY^ only focuses on high-risk scenarios from part 1. High-risk
scenario responses from part 1 triggered an additional drop-down question. The
additional question served to evaluate whether there was any provision for
redundancy/alternatives. Respondents were therefore provided with two op-
tions: BYes^ or BNo^. On the third part of the survey titled BRESILIENCE
MEASUREMENT ,̂ high-risk scenarios from part 1 are assessed to evaluate the
approximate time required to repair and bring the infrastructure to its original
functionality. Seven options were provided for selection: BLess than 1 month^,
B1 to 2 months^, B2 to 3 months^, B3 to 4 months^, B4 to 5 months^, B5 to
6 months^ and Bgreater than 6 months^. In addition, at the end of the survey, an
optional open question was used to seek respondents’ general comments on the
survey but a very poor participation of less than 5 % was unfortunately
recorded in this respect.
The survey questionnaire layout is illustrated in Fig. 2.
4 Survey participation
As the researcher is a member of PIANC5, the survey was primarily dissem-
inated via a link on SurveyGizmo to all PIANC members. Additionally, current
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WMU6 master students and alumni groups were contacted via email to assist
with further dissemination to the relevant experts in their respective ports. The
survey opened on 11 May 2015 and closed on 29 July 2015. Given that the
survey was conducted online and disseminated to PIANC5 members via PIANC
global secretariat in Brussels, it is impossible to determine with accuracy the
actual response rate. Nevertheless, based on SurveyGizmo online record, from a
total of 115 potential participants who had at least clicked on the survey link,
we have received 69 responses of which 50 were valid, representing an
impressive virtual response rate of 43.5 %.
Table 1 provides details of survey participants, and the participation distribution was
fairly equitable and satisfactory as shown in Fig. 3.
5 Survey results: data processing and interpretation
5.1 Risk evaluation
For risk evaluation, a Likert scale from 0 to 3 was introduced to facilitate data
processing with 0, 1, 2 and 3 representing, respectively, BNot relevant^, BLow ,̂
BMedium^ and BHigh risk^. In order to ensure fair representation of results, all BI
don’t know^ responses (representing in red on Table 2) were omitted from the
5 The World Association for Waterborne Transport Infrastructure (www.pianc.org)
Fig. 2 Survey questionnaire layout
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scale and disregarded. This practice assisted in improving accuracy of results
during data processing and it also led to different response rates for the different
scenario questions. For each scenario, using a Likert scale, a mean score could
then be calculated.
The graphical representation (Fig. 4) suggests that, with respect to climate
change, industry is generally concerned about the impact of wave and wind
force variation on protection barriers in ports. This trend also reinforces the
general prevailing sentiment across the industry that climate extremes (often a
combination of wind and wave at extreme proportion) are the main climate
concern (PIANC, 2009) in ports. However, it is worth placing on record that the
above results are only a representation of a global trend. Given the particularity
of each port, there are certainly ports that may in fact present different climate
risk configurations. As such, it should be noted that this information should
therefore be considered as a high-level guideline to assist ports in developing
specific solution-focussed initiatives to climate change.
5.2 Evaluation of alternative (redundancy) and resilient measurement
Judging from survey responses, for all high-risk scenarios, there are no alter-
native or redundancy for maintaining smooth logistic services. Based on re-
sponses to triggered question 3, for all high-risk scenarios, repairs (in order to
bring back the port infrastructure to its original functionality) will take a
minimum of 5 months or longer. Given that vulnerability and resiliency of the
port logistic system are, respectively, defined by the provision of alternative
and ability to recover promptly (PIANC, 2014), all high-risk scenarios therefore
Fig. 3 Participation distribution
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present high vulnerability and low resiliency in the context of the port logistic
system, a major cause of concern.
5.3 Trend analysis
It was found from Fig. 5 that port climate risk score is higher on sea side and gradually
reducing towards land side. Moreover, due to each port unique configuration, it is
difficult to allocate firm distances along the X axis for each family asset. Therefore,
reduction in climate risk score from sea to land boundary of port cannot be represented
in terms of regression, although the graph on figure clearly suggests a progressive and
Table 2 Survey participation Country No. Percent (%)













Saudi Arabia 1 1.5
Thailand 1 1.5
Sweden 1 1.5
Papua New Guinea 1 1.5
Sri Lanka 1 1.5
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significant reduction in risk score from sea to land boundaries. An illustration of this
climate risk exposure along the sea–land boundary axis is clearly shown in Fig. 6.
Fig. 4 Results of global climate scenario based on average mean score
Fig. 5 Global port climate risk score per scenario
Towards port infrastructure adaptation
Additionally, as shown in Fig. 7, changes in wind, wave, ground water, sea
level rise and precipitation are port’s biggest climate concerns, scoring, respec-
tively, 1.58, 1.49, 1.39, 1.31 and 1.22. On the contrary, changes in salinity,
humidity and temperature are relatively classified as low risk in ports, scoring,
respectively, 1.06, 1.01 and 0.98. The top two port climate concerns are wind and





















Fig. 7 Global average risk score per climate variable
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wave; a tendency that reflects largely in many literature (Hunter, Church, White,
& Zhang, 2013; PIANC 2014; IPCC 2014) as climate extreme.
6 Conclusion
The climate risk exposure along the sea–land boundary axis is critical in steering the
way climate adaptation investments are allocated in ports. Furthermore, it should
trigger new way of thinking with respect to port planning and design approaches. This
information should influence by large port configuration during the early stage of
development and it could provide significant guidance for design engineers when
factoring climate change in infrastructure design calculations. Traditionally, approach
to infrastructure design is based on an optimal solution for the worst possible case
scenario plus a standard safety factor. New approach taking into consideration a climate
safety factor which will be dependent on the position of the infrastructure along the
sea–land port axis could therefore be essential.
In the light of this, since climate risk sensitivity differs from port to port, it is
encouraged that each port determines its unique sea–land port boundary axis with
regression by taking into consideration infrastructure distance measurements and
develop a function of risk along such axis. However, in smaller ports with limited
resources or in a port where climate change is not perceived as a major threat, in the
absence of a specific sea–land climate risk function, the above general function in
Fig. 5 could be very useful for guidance.
Meanwhile, it is worthwhile mentioning that this study is conducted based on
perceptions of risks which could be vastly subjective. It is therefore recommended
that, when assessing climate risk score, each port should consider various techniques
(e.g. Delphi) in order to minimise subjectivity and increase reliability of results.
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